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ABSTRACT
The Tanqua and Laingsburg subbasins developed in the southwest corner of the 
Karoo Basin, South Africa, during the late Permian. The subbasins had near- 
contemporaneous formation and filling, and each contain a number of submarine fans. 
Five submarine fan systems in the broad, shallow Tanqua have a lateral continuity of up 
to 34km. With a sandstone/shale ratio of 75 - 90%, the arenaceous fans vary in 
thickness from 20 to 60m. Intervening shales range from 20 to 75m. Four fan systems 
in the more typical foredeep style Laingsburg subbasin are thicker and a few hundred 
kilometers long.
The history of the subbasins was influenced by events and associated tectonic 
structures of the Cape Fold Belt. Differential compression on the Western and Southern 
branches of the Cape Fold Belt led to a basin floor high that separated and directed 
sediment transport to the subbasins. While the subbasin development is associated with 
the subduction zone in southwest Gondwana, the fill of the subbasins indicate deposition 
during tectonic quiescence. Petrographic and microprobe analyses suggest a high-grade 
metamorphic source area for the sandstones, composed predominately of metapelites and 
metapsammites, that was located somewhere to the west/southwest. The associated 
fold-thrust belt (Cape Fold Belt) did not have any expression above the ocean surface 
and was not the source of the submarine fan sediments.
The subbasins formed and filled during the earliest tectonic events of the Cape 
Fold Belt. The 278 Ma event brought about uplift of the orogenic belt, an increase in
xm
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volcanic activity in a magmatic arc associated with the subduction zone off the southern 
edge of Gondwana, initial subsidence of the Tanqua and Laingsburg subbasins, and the 
emergence of a basin floor high that separated the subbasins. Subsequent erosion and 
transport of sediment from the uplifted orogenic belt fed the building submarine fan 
systems in the Tanqua and Laingsburg subbasins. The 258 Ma tectonic event lifted the 
Cape Fold Belt sufficiently to halt transport of sediment to the subbasins. The event also 
caused further uplift of the orogenic belt and led to progradation from the same 
directions of delta systems that filled the subbasins.
xiv
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CHAPTER ONE 
INTRODUCTION
General Introduction
The present study deals with relationships between tectonics and sedimentation of 
two subbasins nested with the Cape Fold Belt in southwestern South Africa. The 
southwest comer of the Karoo Basin in South Africa is an area that has received only 
sporadic study over the past century with the majority of research conducted on a 
regional scale. This study focuses on an area in the southwest Karoo Basin that had a 
different depositional environment and experienced a different geologic development 
than the rest of the basin. The current geological situation shows a mountain chain 
(Cape Fold Belt) along the southern and western coasts of southwestern South Africa 
with a pressure ridge (Baviaanshoek-Hex River anticlinorium) dividing the angle 
between them. The Karoo Basin borders the eastern and northern flanks of the Cape 
Fold Belt. Two smaller basins, the Tanqua and Laingsburg subbasins, on either side of 
the anticlinorium are filled with deep water deposits with overlying shallow water 
deposits.
A variety of techniques were used to establish the geologic history of the area and 
the role of tectonics in the formation and filling of the subbasins. The present data 
provides evidence of the style and timing of tectonics, the geochemistry and composition 
of deposits, the fossil content of the subbasins, sedimentological architecture of the 
deposits and other characteristics associated with the subbasins. The total set of 
information gives clues about the formation and filling of the Tanqua and Laingsburg
1
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subbasins, tectonic influences that acted upon them and timing of tectonic activity and 
depositional maximum between both subbasins.
Knowledge of the evolution of the Tanqua and Laingsburg subbasins is critical to 
establish the relative order of occurrence of tectonic and depositional events in the 
southwest Karoo Basin in the late Permian. Several questions need to be addressed: I) 
how and when did the subbasins form; 2) what influences affected the subbasin's 
formation and filling; 3) what are the similarities and differences between the subbasins;
4) what is the source of the sediments and how were they transported to the subbasins;
5) what was the nature of the subbasins when sediments were filling them; and 6) when 
one subbasin was building a submarine fan system, what was happening in the other 
subbasin?
Geologic Setting of Study Area
The study area is located in the southwest comer of the Karoo Basin of South 
Africa (Fig. 1-1). It is situated approximately 200 km to the northeast from Cape Town, 
Cape Province. In the southwest Karoo Basin two separate, but geologically 
contemporaneous, subbasins experienced similar, but distinct, histories (Fig. 1-2; de Beer 
1992; Visser 1993a; Wickens 1994). The subbasins are believed to have formed in a 
foreland basin setting in response to the subduction of the paleo-Pacific plate beneath the 
southern edge of Gondwana. The subduction led to the formation of a fold-thrust belt 
(de Beer 1989, 1990; Wickens 1992, 1994; Cole 1992), the Cape Fold Belt, a 
continuous mountain chain that borders the southern and western sides of the Karoo
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 1-1. Location of study area in the southwest comer of the Karoo Basin of 
South Africa along with the position of the Cape Fold Belt (after Bouma and Wickens 
1994).
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Figure 1-2. Location of the Tanqua and Laingsburg subbasins in the southwest comer 
of the Karoo Basin shown in relation to the branches of the Cape Fold Belt and the 
Baviaanshoek/Hex River anticlinoria (after Bouma and Wickens 1994).
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4Basin (Fig. 1-1). Both the northwest and east-west trending branches of the Cape Fold 
Belt underwent different directions and amounts of compression that resulted in the 
northeast trending Baviaanshoek-Hex River anticlinorium where the branches converge 
(Fig. 1-2; de Beer 1989, 1990; Wickens 1992, 1994). The anticlinorium was a basin 
floor high that separated the Tanqua subbasin on the north from the Laingsburg subbasin 
on the southeast and influenced sedimentation paths into both subbasins.
Deposits in the southwest Karoo Basin are comprised of the late Carboniferous 
glacial Dwyka Group, sandstones and shales of the Permian Ecca Group and the fluvial 
Triassic Beaufort Group (Figs. 1-3, 1-4; Cole 1992; Wickens 1994). In the late 
Carboniferous, the area was covered by continental glaciation. During glaciation and 
immediately after breakup of the ice sheets, diamictites of the Dwyka Group were 
deposited in the basin (Visser 1990, 1991b). With the retreat of ice in the early Permian, 
deposition of the Ecca Group started with the marine Prince Albert Formation, a 
package of shales with numerous dropstones from rafted ice. Following the Prince 
Albert Formation, the highly carbonaceous shale of the Whitehill Formation followed in a 
stratified water column up to ISO m deep with restricted circulation (Wickens 1994). 
With gradual deepening of the basin, turbidity flow deposits accompanied hemipeiagic 
deposits and numerous ash fall deposits of the Collingham Formation (Wickens 1994). 
After the Collingham Formation, the developing Baviaanshoek/Hex River Anticlinorium 
split the region into two subsiding areas, forming the Tanqua and Laingsburg subbasins.
In the Tanqua subbasin, deposition of dilute, muddy turbidity currents and 
hemipeiagic suspension sedimentation resulted in the shales of the Tierberg Formation.
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7With continuing development of the basin-floor high, shale deposition in this subbasin 
was interrupted five times by deposition of fine-grained, basin-floor fans of the 
Skoorsteenberg Formation. The fans of the Skoorsteenberg Formation are labeled Fan 
No. 1 through Fan No. 5 from oldest to youngest. Shales of the Kookfontein Formation 
and deltaic deposits of the Koedoesberg Formations overly the fan systems in the Tanqua 
subbasin completing the Ecca Group.
Above the Collingham Formation in the Laingsburg subbasin, shales and very 
fine- to fine-grained sandstones of the Vischkuil Formation were deposited from muddy, 
dilute turbidity currents. Shale deposition was interrupted four times by deposition of 
fine-grained, basin-floor fans of the Laingsburg Formation, labeled Fan A through Fan D 
from oldest to youngest. After deposition of submarine fans, basin shales belonging to 
the Fort Brown Formation and deltaic deposits of the Waterford Formation occurred, 
completing the Ecca Group in the Laingsburg subbasin. The fluvial deposits of the 
Beaufort Group (Fig. 1-3) overlie the Ecca Group in both subbasins. While the deposits 
in the subbasins are similar in overall appearance, the formations overlying the 
Collingham Formation in each subbasin cannot be directly correlated until the overlying 
Beaufort Group (Wickens 1992, 1994; Bouma and Wickens 1994).
Ages for the formations of the Ecca Group have been suggested predominately 
for the lower and upper formations with the formations in the middle of the Ecca Group 
being inferred (Table 1-1). Structural data of Halbich and Swart (1983) suggested a 
possible Assalian age for the upper Dwyka Group. Based on palynological and 
sedimentological data, Visser (1990) assigned a late Sakmarian age to the end of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
Table 1*1. Suggested ages for the formations in the Tanqua and Laingsburg subbasins.
Beaufort
Waterfonl/Koedoesberg 
Fort Brown/Kookfontein
Skoorsteenberg/Laingsburg
Tierberg/Vischkuil
Collingham
Whitehill
Prince Albert
Dwvka (upper)________ Assalian
I. Kungurian
I. Sakmarian 
to Kungurian
1. Sakmarian
I. Kazanian
I. Kungurian 
to e. Ufimain
e. Artinskian 
to Kungurian
I. Sakmarian
I. Kazanian 
e. Kazanian 
Ufimian 
I. Kungurian 
(Ripon Fm.)
e. Kungurian
I. Artinskian
e. Sakmarian 
to e. 
A rtinskian
e. Sakmarian
e. late 
Perm ian 
e. late 
Perm ian 
e. late 
Perm ian 
middle e, 
Perm ian
middle e. 
Perm ian
h9?S>v£L;ji987)
Kanzian
Ufimian
A rtinskian
Kanzian
00
9Dwyka Group in the southwest Karoo Basin, a late Sakmarian to Kungurian age to the 
Prince Albert Formation and a late Kungurian age to the Whitehill Formation. Visser 
(1992b, 1993b) however, inferred an early Artinskian to Kungurian age for the Prince 
Albert Formation and a late Kungurian to early Ufimian age for the Whitehill Formation. 
Oelofsen and Araujo (1987) proposed an older age of late Sakmarian for the Whitehill 
Formation. Veevers et al. (1994) indicated a late Artinskian (Baigendzinian) age for the 
Whitehill Formation, an early Kungurian (Filippovian) age for the Collingham Formation, 
a late Kungurian (Irenian) age for the Ripon Formation, stratigraphically equivalent to 
the Vischkuil, Laingsburg and Skoorsteenberg Formations, an Ufimian age for the Fort 
Brown Formation, and an early Kazanian age (Kalinovian) for the Waterford Formation 
(Fig. 1-5). Cole (1992) indicated a middle early Permian age for the start of the Ecca 
Group with the Collingham, Vischkuil and Laingsburg Formations being deposited in the 
early late Permian in conjunction with the second tectonic event of Halbich et al. (1983) 
at 258 ± 5 Ma (Fig. 1-6). Dating of an ash bed in the Collingham Formation from the 
Laingsburg subbasin has yielded a date of 276 Ma (M. J. de Wit, per. comm., 1995). 
From bivalve and tetrapod fossils a mid- to late- Kazanian age for the Waterford and 
Koedoesberg Formations was suggested (Visser 1993b). Vertebrate fossils from the 
south Karoo just above the transition from Ecca Group to Beaufort have been 
considered to be early late Permian (Kazanian; Rubridge 1987). Visser (1995) gave an 
Artinskian to Ufimian age for the complete Ecca Group with the Ecca Group/Beaufort 
Group boundary identified at the base of the Kazanian. He placed the deposition of 
basin floor fans during Ufimian-Kazanian time.
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Figure 1-5. Suggested ages of the formations of the Karoo Basin along with the 
accompanying biostratigraphy (after Veevers et al. 1994).
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Figure 1*6. Suggested ages of the formations in the southwest Karoo Basin and their 
relationship to the suggested ages of the tectonic events of the Cape Fold Belt. BG - 
Beaufort Group, VF - Vryheid Formation, RLF - Collingham, Vischkuil, Ripon and 
Laingsburg Formations, MF - Molteno Formation (alter Cole 1992).
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Tectonics and Sedimentation
The geologic history of the southwest Karoo Basin is a record of the relationship 
between events and structures related to tectonics and sedimentation patterns. The 
majority of tectonic and sedimentation studies that have been conducted typically deal 
with one of two different time frames. Studies examine the complete cycle of tectonism 
and the associated sedimentary basins and/or they deal with the relationships on a single 
time slice through the tectonic structures and sedimentary basins (e.g., Jordan 1981). 
The present study emphasizes the Ecca Group, a portion of the complete basin fill, that 
was deposited in a distinct depositional environment in the foreland basin setting of the 
Karoo Basin, rather than the complete section deposited over the basin or of a single 
time slice.
Foreland Basin Sedimentation
Subduction zones create a number of basins that will receive sediment over the life 
of the subduction event. The foreland basin is a result of downwarping and subsidence 
of crust in conjunction with compressional forces that are exerted by the subduction of 
oceanic crust under a lithospheric plate. Two types of foreland basins have been 
described from different tectonic settings: retro-arc and peripheral basins (Dickinson 
1974). Retro-arc basins are created by the collision of oceanic crust with continental 
crust. These basins are located on the cratonic side of the fold-thrust belt that borders a 
magmatic arc (Fig. 1-7). Peripheral basins form beside the fold-thrust belt and are 
related to suture zones of continent-continent collisions (Fig. 1-7). Foreland basins can
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Figure 1-7. Position of the retro-arc foreland basin and peripheral foreland basin and 
the associated style of subduction (after Beaumont 1981).
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Figure 1-9. Origin of sediments deposited in a foreland basin setting (after Jordan
1991)
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contain a complete stratigraphic record of basin subsidence, the development of the 
thrust belt and magmatic arc, and other geologic events.
The retro-arc foreland basin, such as the Karoo Basin, exhibits an asymmetrical 
cross-section with deepening occurring toward the associated fold-thrust belt (Heller et 
al. 1988; Jordan 1995). They are large scale features, up to 100’s of kilometers wide 
and 1000’s of kilometers long, and long lived, 10 to 100 million years in duration 
(Jordan 1995). Sediments that are deposited in the foreland basin reflect the interaction 
between subsidence, rate of sediment supply to the basin, climate in the source areas, and 
relative sea-level fluctuations (Heller et al. 1988). The majority of deposits in the retro- 
arc foreland basin are derived from rocks of the associated fold-thrust belt with a lesser 
contribution from the stable continental interior and fbrebulge (Figs. 1-8, 1-9). Sediment 
can be derived from a number of point sources or the supply may approximate a line 
source (Jordan 1995). Sandstones found in the retro-arc foreland basin setting typically 
lie in the recycled orogeny field of Dickinson and Suczek (1979), indicating a source 
area in the thrust belt. It is also possible that the metamorphic and igneous interior of an 
orogenic belt can contribute a significant amount of material to the basin (Jordan 1995). 
These sediments are usually coarse grained, including conglomeratic facies, and were 
typically transported short distances to the foreland basin setting. Proximal to the fold- 
thrust belt, the coarse grained units in a foreland basin represent a phase of active 
tectonism while mud rock deposition is considered to be deposited during tectonic 
quiescence (Jordan 1995). Distal from the thrust belt, coarse-grained strata represent 
erosion of the uplifted thrust belt during a tectonic quiescence (Heller et al. 1988).
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CHAPTER TWO
CAPE FOLD BELT AND KAROO BASIN:
REVIEW
Introduction
The Cape Fold Belt consists of two branches (Fig 1-2). The Western Branch 
trends northwest-southeast while the Southern Branch runs east-west. The Southern 
Branch of the Cape Fold Belt most likely experienced greater compression^ forces than 
the Western Branch of the Cape Fold Belt (Fig. 2-1; de Beer 1990, 1992). The 
differential compression is evident in outcrops of the Tanqua and Laingsburg subbasins. 
Deposits are essentially horizontal in the Tanqua subbasins while those in the Laingsburg 
subbasin are highly folded. The area where the two branches meet forms a 
syntaxis/anticlinorium running northeast-southwest from below Cape Town through the 
town of Ceres and separating the Tanqua and Laingsburg subbasins (Fig. 1-2; de Beer 
1990, 1992; Bouma and Wickens 1991, 1994; Wickens 1992, 1994; Visser 1992a, b, 
1993a, b). The Cape Fold Belt is made up of low-grade metamorphosed sandstones and 
shales that were deposited in the previous Cape Basin. The Cape Fold Belt appears to 
have originated as a single phase, multiple event orogen during the Permian and Triassic 
(Halbich et al. 1983). Conducting Ar^/Ar40 stepwise heating on fine-grained rocks from 
a north-south transect through the Southern Branch of the Cape Fold Belt, five tectonic 
events associated with the formation of the Cape Fold Belt were found to have occurred 
at 278±2 Ma, 258±2 Ma, 247+3 Ma, 230±3 Ma, and 215±5 Ma (Halbich et al. 1983).
16
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Figure 2-1. Intensity of the compression exerted on the branches of the Cape Fold Belt 
along with major sediment paths (arrows) during deposition of submarine fan systems in 
the subbasins (after de Beer 1992).
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Figure 2-2. Extensive foreland basin development in southern Gondwana during the 
late Paleozoic (after de Wit and Ransome 1992).
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The first four tectonic events were of a compressional nature with the fifth event 
comprising uplift and horizontal tension (Halbich et al. 1983).
The Karoo Basin covers the majority of present day South Africa. The basin 
developed during the late Carboniferous and early Permian as part of a series of foreland 
basins associated with subduction along the southern margin of Gondwana (Fig. 2-2; de 
Wit and Ransome 1992; Visser 1992a, b, 1993a, b, 1995; Wickens 1994). The Karoo 
Basin developed the asymmetric profile that deepens toward the adjacent fold-thrust belt 
of a typical foreland basin (Fig. 2-3; Heller et al. 1988; Cole 1992; Visser 1993b, 1995). 
The Karoo Basin formed along the same lines of crustal weakness, associated with the 
Southern Cape Conductive Belt (de Beer et al. 1982; de Beer 1983; Cole 1992), as the 
older Cape Basin (Fig. 2-4; Cole 1992; Visser 1993a, b, 1995; Wickens 1994). It is 
considered that compression associated with subduction of the paleo-Pacific plate under 
the southern edge of Gondwana led to the formation of the Cape Fold Belt and to 
development of a foredeep in the extreme southwest portion of the Karoo Basin (Martini 
1974; Lock 1978, 1980; Kingsley 1981; Winter 1984; Visser 1985, 1987a, b, 1989, 
1991a, b, c, 1992a, b, 1993a, b, 1995; Ramos 1986; Bouma and Wickens 1991, 1994; 
Wickens 1992, 1994). The Cape Fold Belt currently forms a continuous mountain chain 
that borders the foredeep to the south and west (Fig. 1-2).
Tectonics of Southwestern Gondwana
Paleoreconstructions of the southwest Karoo Basin and southern Gondwana 
have been proposed over the years by numerous authors. The majority of the previous 
studies suggested reconstructions from the Carboniferous to the Triassic. Previous
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Figure 2-4. Development of the Karoo Basin along the same lines of crustal weakness, 
caused by the Southern Cape Conductive Belt, as the earlier Cape Basin (after Cole 
1992).
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studies have placed the development of the Cape Fold Beit and Karoo Basin in the 
contexts of Andean-type subduction, continent-continent collision, and orogenic 
processes unrelated to subduction.
Andean-type subduction involving the subduction of the paleo-Pacific plate under 
the southern margin of Gondwana was proposed by Martini (1974), Rhodes (1974), 
Visser (1979, 1985, 1987a, b, 1989, 1991a, b, c, 1992a, b, 1993a, b, 1995), Lock 
(1980), Smellie (1981), Johnson (1991) and Cole (1992). A flat plate subduction model 
was proposed by Lock (1980) to account for the distance between the subduction zone 
and the Cape Fold Belt (up to 2,000 km) and apparent absence of volcanic activity and 
regional metamorphism within the Cape Fold Belt. In that model, the Cape Fold Belt 
resulted from intracontinental compressional stresses resulting from being over the area 
where the subducting paleo-Pacific oceanic plate delaminated from the overlying 
continental paleo-African plate (Fig. 2-5). During deposition of Ecca and lower 
Beaufort Groups, Rhodes (1974) and Martini (1974) suggested there was a southern 
source, possibly a subduction related and volcanically active island arc. Visser (1985, 
1985a, b, 1989, 1991a, b, c, 1992a, b, 1993a, b) considered the southwest Karoo Basin 
to have undergone a transition from a back-arc basin at the time of glacial sedimentation 
to a foreland basin during the time of deposition by turbidity flows. At the same time as 
this transition, a northward migrating orogenic highland moved from the south over 
more than 1200 km. The highlands migrated, from the southern edge of Gondwana 
during glacial time, to a few hundred kilometers to the south of the Karoo Basin during 
deposition of the Ecca Group, where it was made up of low-grade metamorphic rocks.
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From quartz-feldspar-Iithic fragments ternary diagrams, Johnson (1991) argued that 
petrographic evidence for a magmatic arc provenance for the Ecca Group implies that 
these sediments accumulated in a retro-arc foreland basin resulting from subduction of 
oceanic crust under continental crust.
A continent-continent collision plate setting was used to explain development of 
the Cape Fold Belt and the Karoo foreland basin by Rhodes (1974), Kingsley (1981), 
Lock (1978), Winter (1984), and Ramos (1986). This interpretation envisions a 
southern Gondwana continental plate (probably composed of Patagonia, the continental 
Falkland Plateau and part of Antarctica) in collision with an early African plate. Winter 
(1984) and Ramos (1986) postulated that after subduction of oceanic floor beneath the 
southern continental plate, collision between the southern plate and the early African 
plate took place. Rhodes (1974) and Kingsley (1981) also viewed collision of 
continental lithosphere. With the opening of an ocean to the south of the Cape Fold 
Belt, the suture zone was removed with parts now under the Falkland Plateau.
Halbich (1983a, b) explained the formation of the Cape Fold Belt and Karoo 
Basin in terms of an orogeny without subduction. He viewed the absence of high-grade 
metamorphic rocks, suture zones, ophiolites or other ocean floor sediments, and shear 
zones or melanges, as evidence against any type of collisional model. He further 
suggested that the associated volcanism, evident from ash beds found in the Karoo Basin 
deposits, could have come from a variety of crustal movements leading to a fold belt and 
not necessarily from a magmatic arc associated with a subduction zone. A magmatic arc, 
related to an Andean-style convergent margin, located west of the predominately Permo-
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Trias sic back-arc basins in southern South America and Falkland Plateau has been widely 
accepted (citations in Fig. 2-6 from Johnson 1991). Positioning the magmatir arc in 
southern Gondwana has proven more controversial (Fig. 2-6). The position of the 
Falkland Plateau in southern Gondwana is central to determining where to place the 
magmatic arc. The reconstruction by de Wit et al. (1988) places the Falkland Plateau in 
a position relative to South America that is essentially the same as the present day (Fig. 
2-7). An alternative placement of the Falkland Islands close to the present southeast 
coast of South Africa has been suggested (Figs. 2-6, 2-7; Visser 1987b, 1992, 1993b; 
Johnson 1991; Cole 1992, Marshall 1994). The geology of the Falkland Plateau, 
however, does not appear to support any evidence for a magmatic arc in the area 
(Johnson 1991; Marshall 1994).
Paleogeography During the Formation and Filling of the Tanqua and Laingsburg 
Subbasins
Numerous authors have proposed reconstructions of the southwest Karoo Basin. 
Most discuss formation of the subbasins and deposition of the submarine fan systems in 
very general terms. The majority of the reconstructions model sedimentation into a 
single foreland basin. Visser (1992a, 1993a, b) generated a reconstruction of 
southwestern Gondwana during the late Permian (± 258-253 Ma) with South Africa 
being covered by shallow seas with the southwest portion containing a foredeep (Fig. 2- 
8). Visser (1993) suggested a cross-section contemporaneous with deposition of the 
Whitehill Formation indicating an asymmetrical Karoo Basin with a fold-thrust belt being 
only expressed in the subsurface (Fig. 2-9). Visser (1993) characterized this period as 
one of partly enclosed basins and infilling of inland seas. Regarding sedimentation in the
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Figure 2-6. Locations suggested by various authors for the placement of the magmatic arc associated with subduction in southern 
Gondwana (modified after Johnson 1991)
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Figure 2*7. Reconstruction of southwest Gondwana showing placement of the 
Falkland Islands next to the African continent (after Marshall 1994).
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Figure 2-8. Reconstruction of southwestern Gondwana during deposition of 
submarine fans in the southwest portion of the Karoo Basin. The outline of present day 
southern Africa is given (Visser 1992).
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Figure 2-9. Cross section through southwestern Gondwana during deposition of the Whitehill Formation (after Visser 1992).
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foredeep, Visser (1993) stated that basin floor fans, consisting of medium to fine-grained 
turbidite sands were being deposited at about 258 Ma with sources derived from major 
uplifr in the fold-thrust belt. Earlier, however, Visser (1991c) correlated the deposition 
of the Dwyka Group sediments with the 278 Ma tectonic event and deposition of the 
Whitehill Formation sediments with the 258 Ma tectonic event. Visser (1992a, 1993) 
mentioned the basin floor high in the fold belt separating the Laingsburg and Tanqua 
subbasins and suggested the high may have influenced the paleoslope that the Tanqua 
fans were deposited. He referred to the petrographic work of Kingsley (1981) and 
stated that the source area for the submarine fans consisted of low-grade metamorphic 
rocks, inferring that sediments were derived from an emerging Cape Fold Belt. Visser 
(1992a, 1993), referring to Elliot and Watts (1974), stated that during uplift of the fold- 
thrust belt, exposed basement shed sediments, including boulders and pebbles of granite, 
gametiferous gneiss and metalava, eastward into the Karoo Basin. Visser (1995) 
modified his reconstructions of southern Gondwana and constricted the aerial extent of 
the Karoo Basin during the formation and filling of the Tanqua and Laingsburg 
subbasins. His reconstruction of southern Gondwana during the early-late Permian 
boundary shows an area of a deep-marine depositional environment (Fig. 2-10). 
However, he placed the deposition of basin floor fans during Ufimian-Kazanian time in a 
basin slope and floor depositional environment (Fig. 2-11).
Cole’s (1992) reconstruction for southwest South Africa involves a foredeep, the 
syntaxis between the branches of the Cape Fold Belt and sedimentation paths and 
isopachs for the Ecca Group (Fig. 2-12). Cole placed the development of the foreland
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1995).
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Figure 2-12. Reconstruction of the southern Karoo Basin during the late Permian (after 
Cole 1992)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
31
basin concurrent with the second tectonic event of the Cape Fold Belt at 258 ±2 Ma 
(Halbich et al. 1983). Cole also suggested that the branches of the Cape Fold Belt were 
uplifted above sea level and formed the main provenance for subbasin deposits.
True volume reconstructions from Halbich (1983, 1992) and Halbich et al. 
(1983) of tectonic events of the Cape Fold Belt placed deposition of the Ecca Group in 
conjunction with the first tectonic event at 277 ±2 Ma (Fig. 2-13). Their 
reconstructional cross section displays the postulated amount of shortening that occurred 
during that event. Implicit in the reconstruction is that the branches of the Cape Fold 
Belt were above sea level, experienced erosion and shed sediments into the Karoo Basin. 
He suggested that the proximal nature of the southernmost exposed units of turbidite 
sequences also show that sediments were derived from a rising section of the Cape Fold 
Belt. It is important to note that all of the data that were derived from Halbich’s studies 
were taken from a north-south profile through the Southern Branch of the Cape Fold 
Belt between 22 and 23 degrees east longitude, outside of both the Tanqua and 
Laingsburg subbasins.
Paleoreconstructions of southwest South Africa by Veevers et al. (1994) show 
sedimentation going into an area specified as foredeep derived from an area labeled as 
the Cape Fold Belt (Fig. 2-14). During the second compressional tectonic event of the 
Cape Fold Belt at 258 ±2 Ma, the foredeep subsided faster than deposition, reaching a 
depth of 500 m during submarine fan deposition. Veevers et al. (1994) recognized the 
basin-floor high that separated the Tanqua and Laingsburg subbasins and concluded that 
the Tanqua subbasin probably derived sediment from resurgent Atlantic mountains that
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Figure 2-13. True volume reconstructions of the tectonogenesis of the Cape Fold Belt and the southwestern Karoo Basin (after 
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Figure 2-14. Reconstruction of the southern Karoo Basin during the late Permian with thickness isopachs of the Ecca Group and 
major paleocurrent directions (after Veevers et al. 1994).
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expanded eastward to the Western Branch of the Cape Fold Belt, with the Laingsburg 
subbasin receiving sediment from the Southern Branch of the Cape Fold Belt.
De Beer (1990, 1992) investigated the possibility of simultaneous folding of the 
branches of the Cape Fold Belt leading to the Baviaanshoek/Hex River anticlinorium and 
discussed its role in syntectonic sedimentation into the Tanqua and Laingsburg subbasins 
(Fig. 2-15). He stated that the Whitehill and Collingham Formations thin over the 
anticlinorium, which implies that an expression of the anticlinorium was evident from the 
278 Ma tectonic event. He suggested the onset of turbidhe deposition in the subbasins 
was correlative with the 258 Ma tectonic event. He noted that the emerging 
anticlinorium also affected sedimentation into the subbasins because the outcrops of the 
Tanqua Formation are restricted to the north of the Baviaanshoek Anticline while the 
Formation wedges out along the northeastward extension of the southern limb of the 
Hex River Anticline. Source areas for the sediments in the subbasins are only 
approximated somewhere to the west, southwest and south.
Johnson (1991) inferred provenance to establish plate tectonic setting of the 
Cape and Karoo Basins. From the early Carboniferous to the late Triassic three 
evolutionary stages are proposed (Fig. 2-16). The Ecca Group sediments fall in the field 
assigned to a magmatic arc provenance (see Fig. 6-2) placing the probable source for the 
deposits outside of the Cape Fold Belt.
Wickens (1992, 1994) discussed the effect that the emergent basin floor high, 
caused by the rising anticlinorium at the convergence of the branches of the Cape Fold 
Belt, had on sedimentation into the Tanqua and Laingsburg subbasins (Fig. 1-2).
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Figure 2-15. Reconstruction showing influence of structures of the Cape Fold Belt on 
sedimentation in the southwest Karoo Basin (after de Beer 1992).
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Figure 2*16. Cross sections of southern Gondwana from the early Carboniferous to 
the late Triassic (after Johnson 1991).
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Wickens commented that the position of the subbasins reflect the orientation of the two 
branches of the Cape Fold Belt. His interpretation clearly shows the Baviaanshoek/Hex 
River Anticlinoria separating the sediment pathways into the Tanqua and Laingsburg 
subbasins (Fig. 2-17). He suggested this structure may have developed as early as the 
278 Ma tectonic event (Halbich et al. 1983) which is reflected by the thinning of the 
Whitehill Formation over the anticlinorium. Wickens also correlated the transition from 
dark, carbonaceous shales of the Whitehill Formation to siliciclastic turbidite deposits of 
the Collingham Formation with a change in tectonic conditions and depositional 
environment of southwestern Gondwana during the 278 Ma tectonic event. The high 
concentration of tuff beds in the Collingham Formation was possibly related to volcanism 
in northern Patagonia where volcanic and plutonic rocks have ages between 290 and 210 
Ma. A reconstruction by Wickens (1994) of southern Gondwana, depicts northward- 
migrating deltas supplying sediment into the southwest Karoo Basin from mountains 
located to the south and the west (Fig. 2-18).
The Influence of Cape Fold Belt Structures and Events on Sedimentation
It is readily apparent from the position of the Tanqua and Laingsburg subbasins 
on either side of the Baviaanshoek/Hex River anticlinorium that the Cape Fold Belt had a 
an influence on sedimentation pathways into the subbasins. Most investigators have 
largely neglected the influence of the anticlinorium. Most studies simply concluded that 
sediments were derived from some source area and were deposited by turbidity currents 
in a single, composite foredeep/foreland basin setting. More recent studies have 
recognized that the Tanqua and Laingsburg subbasins are separated lithostratigraphically
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Figure 2-18. Reconstruction of southwestern Gondwana during the deposition of 
submarine fan systems in the southwest Karoo Basin (after Wickens 1994).
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by a basin floor high, the Baviaanshoek/Hex River Anticlinorium (de Beer 1990, 1992; 
Bouma and Wickens 1991, 1994; Visser 1992, 1993b; Wickens 1992, 1994; Cole 1992). 
However, some authors simply state that the anticlinorium had some unspecified 
influence on sedimentation (Visser 1992, 1993b). In slightly more detail, de Beer (1990,
1992) and Wickens (1992, 1994) discussed the thinning of the Whitehill and Collingham 
Formations over the anticlinorium area, an indication of the influence on sediment 
deposition since the earliest events of the Cape Fold Belt. They also noted that the 
Skoorsteenberg and Laingsburg Formations pinched out against the flanks of the 
anticlinorium with no turbidite deposition occurring on the anticlinorium itself. Wickens 
(1994) suggested a reconstruction of delta systems feeding submarine fans systems in the 
Tanqua and Laingsburg subbasins (Fig. 2-17).
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CHAPTER THREE 
GOALS OF PROJECT AND METHODOLOGY
Main Goals of Study
The present study emphasizes the regional setting of the Tanqua and Laingsburg 
subbasins and the interaction between local tectonics and sedimentation. The main goals 
of the study are outlined below.
Influence of the Cape Fold Belt on Sedimentation
What was the influence of the Cape Fold Belt on the filling of the 
subbasins? What was the topographic expression of the Cape Fold Belt during 
submarine fan deposition? Was the region tectonically quiescent or active during 
subbasin formation and filling?
Geographic positions of the subbasins and the branches of the Cape Fold Belt 
indicate that they are all interrelated. There is little dispute that structures of the fold- 
thrust belt influenced active sedimentation into the subbasin. However, the nature and 
extent of the influence is in question and has never been adequately addressed. The Cape 
Fold Belt experienced a five episodic compressional events (Halbich et al. 1983). The 
subbasins appear to have formed and filled during the earliest tectonic episodes of the 
Cape Fold Belt (de Beer 1992, 1994; Wickens 1994). During these episodes, the Cape 
Fold Belt was uplifted, but was this rise fast enough to protrude above the surface of the 
water or just to influence the bathymetry during active sedimentation into the subbasins?
Correlation of the timing of the compressional events with the filling of the 
subbasins has been suggested by a number of authors (Lock 1973; Halbich 1983, 1992;
40
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de Beer 1990; Cole 1992; Wickens 1994; Veevers et a l 1995). However, the 
assumption is made that both subbasins were filled at the same geological time in 
conjunction with one of the compressional events of the Cape Fold Belt. The influence 
of tectonics on the subbasins and different vertical succession of the basin fill makes this 
assumption suspect. Possible situations include: (I) both subbasins filled at the same 
time during active tectonism, (2) both filled simultaneously during tectonic quiescence, 
or (3) one filled during quiescence and the other filled during active tectonism.
Sediment Source Areas and Transport Paths
Was the Cape Fold Belt the source of the sediment for the submarine fan 
systems or was the source area beyond the Cape Fold Belt? Did both subbasins 
have the same source area and transport path or did each subbasin have its own 
source area and transport path? Did the source switch during filling of a 
subbasin? What path did the sediments take to get from the source area to the 
subbasins?
Typically the source area of sediments supplied to a foreland basin derive from 
the associated fold-thrust belt. Where as some geologists believe that the Cape Fold Belt 
supplied sediments to the subbasins (Halbich 1983; Cole 1992; Visser 1992, 1993; 
Veevers et al. 1994), others suggested that the source area was beyond the Cape Fold 
Belt (Johnson 1991; Wickens 1992, 1994).
In the Tanqua subbasin, four o f the five submarine fan systems have 
paleocurrents from the south between SSE and SW, while one was fed from the WNW 
(see Fig. 4-2). The submarine fan systems in the Laingsburg subbasin all have
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paleocurrent directions toward the east. The majority of fan systems in both subbasins 
appear to have entered the subbasins from the same pathway. This apparent sediment 
pathway suggests that both subbasins should have had the same general source area. 
However, with influence of the Cape Fold Belt only known in general terms, it is 
possible that sediments came from different source areas and had adjacent entry points 
into their respective subbasins.
The paleocurrent direction of Fan 4 in the Tanqua subbasin is almost 90° to those 
of the other submarine fan systems in the subbasin (see Fig. 4-2). Does this change in 
direction indicate a new sediment source for the subbasin or does it mean a major delta 
switching of the existing point source? Or does it mean a change in sediment pathway 
due to a tectonic event associated with the Cape Fold Belt?
Basin Configuration and Depositional Environments
What was the configuration of the subbasins during deposition of 
submarine fan systems? Under what water conditions were submarine fans 
deposited: water depth; saline, brackish or fresh water; oxic or anoxic bottom 
water? Did both subbasins have the same configuration and environment or were 
they different?
The configuration of the receiving basin influences the resulting architecture of 
the submarine fan systems deposited in the basin. The Tanqua and Laingsburg subbasins 
appear to have differing basin styles and, hence, should have differences in their 
respective sedimentation patterns. These differences should be apparent in outcrop and, 
in turn, outcrop data should reflect the shape of the subbasin.
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Even with research conducted in the Laingsburg subbasin over the past century, 
water conditions during deposition of submarine fan systems are only generally known. 
Information on the depositional environment is inconclusive. Past work has emphasized 
fossil-rich zones of the stratigraphic section in the southwest Karoo Basin that lie below 
and above the section containing the submarine fan sequences.
While the subbasins formed and filled over the same time frame, all aspects of the 
basins were not necessarily the same. With the two branches of the Cape Fold Belt 
having experienced different levels of compression, how is this reflects configuration 
and environment in the two subbasins.
Deposition of Submarine Fan Systems
Did the submarine fan systems of the Tanqua and Laingsburg subbasins fill 
the subbasins at the same time or at slightly different times? Did active 
sedimentation alternate between the subbasins or did one fill up first and then the 
other? Is the architecture of the fan systems the same for both subbasins or are 
there differences?
Sedimentary sections in the Tanqua and Laingsburg subbasins at this point are 
only correlated on a formation scale. The only accurate correlation that can be made are 
from a major interval of the Dwyka to the Collingham Formations and at the start of 
deposition of the Beaufort Group (Fig. 1-3). Between the Collingham Formation and 
the Beaufort Group, the subbasins filled over the same time interval, but did so 
separately. While previous studies have attempted correlation of the submarine fan 
systems (Visser 1992, 1993b; Wickens 1994), their correlation assume active deposition
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in two adjacent subbasins. This may not be valid and requires further assessment. The 
different possibilities of the influence of Cape Fold Belt structures and tectonic events, 
the source area(s) for the subbasins and sediment pathways need to be assessed to 
determine if simultaneous sedimentation was possible.
Traditional correlation techniques of biostratigraphy and lithostratigraphy are 
very difficult to apply to the subbasin deposits. Both micro- and macrofossils are 
virtually non-existent in the submarine fan units. This is most likely due to dissolution of 
carbonate material by fluids passing through the deposits caused by compressional 
tectonics of the fold-thrust belt associated with the subbasins (Duane and Brown 1992). 
Deposits in both of the subbasins are very similar in appearance and marker beds for 
Iithostratigraphic correlation purposes are not apparent. Did the architecture of the 
deposits and the style of deposition of the submarine fan systems in one subbasin 
accurately reflea the deposits in the other?
Methods
A number of analytical techniques were employed to determine the evolution, 
teaonic influences and correlation of the deposits of the Tanqua and Laingsburg 
subbasins.
For correlation purposes, biostratigraphic methods using micro- and macrofossils, 
including palynological content, were employed. Chemostratigraphy, utilizing major and 
trace element concentrations for correlation, has been used successfully in other similar 
barren sequences (e.g., Pearce and Jarvis 199S). The rocks in the Tanqua and 
Laingsburg subbasins might be suitable for this technique. Trace elements are generally
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more stable in host mineral matrix than major elements, which tend to remobilize at 
lower temperature and pressures, and stay in the matrix, particularly in fine-grained 
sediments. With the fine-grained nature of the deposits, especially interbedded shales 
and siltstones, a unique geochemical signature for a particular shale/siltstone package 
may be determined and correlated with a shale/siltstone package in the other subbasin.
Provenance characterization of the submarine fan deposits in both the Tanqua 
and Laingsburg subbasins was determined using standard petrographic analysis and 
microprobe analysis of detrital grains of biotite, garnet and tourmaline to evaluate trends 
in mineral chemistry.
Sampling
Field work was conducted in both Tanqua and Laingsburg subbasins in 1994 and 
1995. Numerous sections were measured, sampled, described were made at various 
localities from the Prince Albert Formation to the Beaufort Group in both subbasins.
During the 1994 field season, samples were taken from all formations in both 
subbasins, from the Prince Albert Formation to the Beaufort Group in the Laingsburg 
subbasin and from the Whitehill Formation to the Koedoesberg Formation in the Tanqua 
subbasin. Samples were concentrated in the Skoorsteenberg and Laingsburg 
Formations.
During the 1995 field season, detailed sampling was conducted at two localities of 
formations with turbidite systems in each subbasin. In the Tanqua subbasin, a detailed 
sub-meter scale sampling were done on the measured section at Kleine Riet Fontein (Fig.
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Figure 3-1. Location of measured sections with detailed sampling in the Tanqua 
subbasin (Landsat TM image - Bands 7,4,1).
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3-1). Sampling extended from the top of the Tierfoerg Formation shales through Fans 1, 
2 and 3, the shales between the fans and into Fan 4 of the Skoorsteenberg Formation. At 
this locality, 230 samples were collected through 226 m of section. The measured 
section in the Skoorsteenberg area (Fig. 3-1) was sampled starting from the top of the 
Tierberg Formation (Fans 1 and 2 are not present at that location) through Fans 3, 4 and 
5, along with the interlying shales of the Skoorsteenberg Formation. At this locality, 170 
samples were collected over 213 m of section. In the Laingsburg subbasin, a measured 
section and detailed sampling were completed at Geelbek (Fig. 3-2) from the Vischkuil 
Formation into Fan A of the Laingsburg Formation. At this locality, 90 samples were 
collected through 177 m of section. A second measured section and sampling in the 
Laingsburg subbasin was done along the Buffels River (Fig. 3-2) in the Laingsburg 
Formation from the lower part of Fan A through Fan D and the interlayered shales where 
possible. From these outcrops, 170 samples were collected from 410 m of section. 
Microfossils
A representative number of samples covering the complete stratigraphic section 
were studied for microfossils. A processing method that did not involve any chemicals 
was chosen to maximize preservation of an microfossil content. Samples were broken to 
approximately pea size and covered with water and allowed to stand for about 24 hours. 
Samples were then placed in a freezer and frozen solid. After freezing, boiling water was 
poured over the frozen sample to further break up the sample. The samples were 
subsequently sieved on a 20pm mesh screen for analysis. The process was repeated, if 
necessary. This process uses expansion of the water during freezing to break apart the
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matrix without damaging the microfbssils. Samples were next examined under a 
binocular microscope for microfbssils.
Palynology
Selected samples collected during the 1994 and 1995 field season were examined 
for palynomorphs. Previous studies of the Karoo Basin had established palynological 
zones that resolved the stratigraphic section sufficiently for general correlation. 
Although the palynological facies may alone not provide a single method for high 
resolution correlation, established with additional criteria, correlation between the two 
subbasins could be made.
Pollen and spores were separated from the host rock using the following digestion 
method:
1) Core sample or break sample into -20 grams of fresh sample.
2) Test for any presence of carbonate material with dilute HC1.
3) If carbonate material is present, then soak in 10% HC1 solution until carbonates
are reacted. Rinse and decant sample until liquid is neutral.
4) Soak in concentrated HF until sample is broken down. Rinse and decant
sample until liquid is neutral.
5) Soak residue in hot concentrated HC1 for approximately 45 minutes. Rinse and
decant sample until liquid is neutral.
6) Sieve residue into >20(i, 10 to 20p, and < 10p fractions.
7) If there were large amounts of inertnite in the sample, separated out with
heavy liquids.
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The float fraction of the residue was examined microscopically for pollen and
spores.
Geochemistry
Major and trace elements of whole rock samples from the subbasins were analyzed 
on an Inductively Coupled Plasma - Atomic Emission Spectrophotometer (ICP-AES) in 
the Department of Agronomy at Louisiana State University. Samples were prepared 
according to the following digestion method.
1) In a polypropylene tube, place 0.1 grams of powdered sample
2) add 5 ml of aqua regia (1 part nitric acid / 3 parts HC1)
3) add 3 ml of HF - allow to digest until sample has gone into solution
4) place in waterbath at 100° C for one hour and allow to cool
5) add 1.4 grams of boric acid
6) dilute solution to 50 ml with deionized water
The 25 elements analyzed were Al, As, Be, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, 
Mn, Mo, Na, Ni, P, Pb, S, Sb, Si, Ti, V, Zn, and Zr (Appendix A). The Si determination 
was discarded because, in the digestion stage, Si was in a volatile state and was partially 
evaporated. Data from the analysis were evaluated using the JMP statistical program. 
Profiles of individual elements were constructed for each measured section. Cluster 
analysis using the Ward method and principle component analysis was conducted on 
variations of the data (Appendix B). Principle component analysis was also conducted 
using the SAS program.
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Petrography and Microprobe Analysis
Standard polished thin sections were prepared from each of the submarine fan 
systems in both Tanqua and Laingsburg subbasins. Petrography was done using a 
standard petrographic microscope. The chemical composition of detrital biotite, garnet 
and tourmaline grains from each thin section were analyzed using a Microprobe in the 
Department of Geology and Geophysics at Louisiana State University. Biotite and 
tourmaline were analyzed for Si, Ti, AL, Cr, Fe, Mn, Mg, Ca, Na and K. Garnet were 
analyzed for Si, AL Cr, Fe, Mn, Mg and Ca. The resultant data for biotite, garnet and 
tourmaline grains were renormalized with the STOICH software program (written by 
D.J. Henry). The renormalized data were plotted on ternary diagrams using the Tri-Plot 
program.
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CHAPTER FOUR 
SUBBASIN DEPOSITS
Introduction
Outcrop area for the submarine fan packages in the Tanqua subbasin is about 650 
km2. Individual fans in the subbasin range from 150 to 450 km2 with lateral down-dip 
continuity of individual fan systems up to 34 km. With a sandstone/shale ratio of 75 to 
90%, the arenaceous fans in the Tanqua subbasin vary in thickness from 20 to 60 m. 
Intervening shales range from 20 to 75 m in thickness (Fig. 4-1).
The outcrops in the Laingsburg subbasin occur in a narrow belt approximately 20 
km wide in a north-south direction and stretch a distance of nearly 200 km in an east- 
west trend. The Laingsburg Formation varies in thickness from 300 to 500 m (Wickens 
1994). Individual fan thickness in the Laingsburg subbasin exhibits a greater variation 
than in the Tanqua subbasin, ranging from 35 to 250 m with the intervening shales 
ranging from 25 to 180 m in thickness (Fig. 4-1).
The turbidites of the Vischkufl, Laingsburg and Skoorsteenberg Formations are 
fine-grained, medium- and thick-bedded sandstones and very fine-grained, thin-bedded 
sandstones. The sections between sand packages range from silty sandstones, siltstones, 
to dark shales.
Cyclicity of individual fan deposition in the subbasins was probably induced by 
relative sea level fluctuations, climate in the sediment source area and sediment 
availability. The degree of influence of eustatic versus tectonic fluctuations on the
52
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Figure 4-1. Thicknesses of the formations and individual fan systems in the Tanqua and Laingsburg subbasins from the Collingham 
Formation to the Beaufort Group (after Wickens 1994). U l
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formation of the submarine fans is difficult to establish. The submarine fans appear to be 
deposited in response to a 4th-order relative sea-level lowering (most likely controlled by 
tectonics) within a 3rd-order transgressive systems tract with an average periodicity of 
about 100,000 years for each fan system (Bouma and Wickens 1994). Major climatic 
fluctuations might have been the cause of periodic influxes of sediment supply into the 
subbasins.
Previous studies in both Tanqua and Laingsburg subbasins have primarily 
focused on the sedimentology of the sand-rich packages that they contain (Rogers and 
De Toit 1903; Rogers 1917, 1925; Kuenen 1963; Jordaan 1981; McDonald 1984; Brink 
1989; Cole and Basson 1991; Bouma and Wickens 1991, 1994; Viljoen 1992, 1993, 
1994; Viljoen and Wickens 1992; Knutter 1994; Wickens 1992, 1994). South African 
and European geologists have documented general stratigraphy, overall lithologies, and 
sedimentary structures, almost exclusively in the Laingsburg subbasin. They paid little 
attention to depositional controls and architecture of the submarine fan systems they 
contain. From the previous studies and from field observations, a number of similarities 
and differences between the Tanqua and Laingsburg subbasin can be seen (Table 4-1). 
Tanqua Subbasin
With only mild compression on the Western Branch of the Cape Fold Belt, the 
Tanqua subbasin developed into a broad, open style of basin. The submarine fan systems 
in the Tanqua subbasin parallel the Western Branch and show the subbasin’s foreland 
style relative to the fold thrust belt (Fig. 1-2). Outcrops of the fan systems are 
tectonically undisturbed and extend for approximately 34 km in a north-south direction.
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Table 4-1. Simularities and differences between the Tanqua and Laingsburg subbasins
Similarities =>
• influenced by the tectonic events and structures of the Cape Fold Belt
• appear to have formed and filled at approximately same time
• believed to be sourced from the same general area
• subbasins contain sand-rich packages separated by shales
• fine- to very fine-grained sandstones
• similar water conditions and depth during filling of the subbasins
Differences =>
Tanaua Subbasin Lainssbur? Subbasin
♦ less tectonic compression resulting in 
shallower, open basin
♦ more tectonic compression resulting 
in deeper, narrow basin
♦ little tectonic deformation post- 
depositionally
♦ heavy tectonic deformation post- 
depositionally
♦ five fan systems ♦ four fan systems
♦ lower number of ash beds and slumps
♦ pelagic sedimentation during early 
Ecca Group (upper Tierberg Fm.)
♦ higher number of ash beds and 
slumps
♦ low-density turbidity deposits during 
early Ecca Group (Vischkuil Fm.)
55
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Isopach maps, developed from measured sections of the fans, indicate the geometry and 
extent of individual fan systems (Fig. 4-2; Wickens 1992, 1994, Bouma and Wickens 
1994). The outcrops expose the extreme distal portion of the fan lobes in three of five 
fan systems in the subbasin. Both the isopach maps and fan system pinchouts suggest 
unrestricted deposition in an open basin depositional setting. The Skoorsteenberg 
Formation is not as thick as the Laingsburg Formation, also indicating a broader, 
shallower setting.
Tanqua Submarine Fan Complex
The Tanqua submarine fan complex lies within the 250 m thick Skoorsteenberg 
Formation and crops out as west-facing cliffs and stream cuts and cliffs extending in an 
east-west direction (Fig. 4-3). The formation is untilted in the north-south direction with 
only a slight regional dip of 1-4° to the east. Some outcrops are cut by a small number 
of minor, localized, recent faults. The three-dimensional outcrops make the area 
accessible for architecture and lateral and vertical connectivity studies of fine-grained 
submarine fans. Basin shales separate five submarine fans, designated Fan No. 1 through 
5 from oldest to youngest (Figs. 4-4, 4-5). Paleocurrent directions for Fans 1, 2, 3, and 
5 range from the SSW to S and from W to WNW for Fan 4 (Fig. 4-2). Outcrops of fans 
No. 1 and 2 cover a rather small area and consist of predominately sheet-like lobe 
deposits (Fig. 4-6). Fan No. 3 outcrops from a base-of-slope nested channel complex to 
channel-levee-overbank deposits (Fig. 4-7) to the extreme distal portion of sheet-like 
outer-fan lobe deposits (Figs. 4-5, 4-8; Wickens 1994; Bouma et al. 1995). Fan No. 4 
crops out over a large area and is composed of laterally extensive, sheet-like deposits
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Figure 4-2. Reconstruction of the fan shapes of the five submarine fan systems in the 
Tanqua subbasin (after Wickens 1992, 1994)
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Figure 4-3. Landsat TM image (Bands 7,4,1) of the outcrops o f the Tanqua subbasin.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
59
Figure 4-4. Outcrop map of the five submarine fan systems in the Tanqua subbasin 
(after Bouma and Wickens 1994).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4-5. Fans 3, 4 and 5 with separating shales and siltstones and overlying deltaic deposits in the Skoorsteenberg section. 
Outcrop shows the thin distal end o f Fan 3 at this location (photograph by A. Bouma).
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(b)
Figure 4-6. Sheet-like outer-fan deposits of (a) Fan 1 at Spitzfontein and (b) Fan 2 at 
Kleine Riet Fontein (photographs by A. Bouma).
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Figure 4-8. Fans 3, 4 and 5 at Skoorsteenberg. Outcrop of Fan 3 shows the distal end 
of sheet-like outer-fan lobe deposits (photograph by A. Bouma).
Figure 4-9. Outcrop of Fan 4 at Vaalfontein (northern end of outcrop) shows laterally 
extensive sheet-like deposits (photograph by A. Bouma).
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(Figs. 4-8, 4-9). Fan No. 5 exhibits mid-fan channel-levee-overbank complexes (Fig. 4- 
10) and extends to sheet-like outer-fan lobe deposits (Fig. 4-11).
Lithofacies of the Tanqua Submarine Fan Complex
A number of lithofacies have been described from the Tanqua subbasin (Wickens 
1994). These are 1) massive sandstone, 2) parallel- and/or ripple cross-laminated 
sandstone, 3) parallel-laminated sandstone, 4) parallel-laminated shale siltstone, and 5) 
carbonaceous/micaceous siltstone (Table 4-2).
1) Massive sandstones are abundant in sand-rich packages of the fan systems. 
The sandstones are fine- to very fine-grained with bed thickness ranging from medium 
and thick beds, up to 5 meters, to thinner beds, starting from a few centimeters. The 
sandstones were rapidly deposited from suspension with upper and lower contacts that 
are sharp. Faint cross-stratification at the base and faint horizontal lamination is present 
in almost structureless beds. Amalgamation surfaces are common, especially in lobe 
deposits and channel fills.
2) Parallel- and/or ripple cross-laminated sandstones tend to be thinner than the 
massive facies but have a range from a few centimeters up to four meters. The main 
sedimentary structure features, climbing ripples, planar lamination and cross-lamination, 
are observed in thin to medium-thick sandstones. Commonly found in overbank 
deposits, the sandstones are the result of deposition of turbulent flows with a lower 
concentration and velocity than the massive sandstones.
3) Parallel-laminated siltstones occur with thin-bedded sandstones and shales in 
stacked lobe deposits, fan fringe and interchannel areas. The siltstones are usually only a
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Figure 4-10. Channel-overbank system in mid-fan setting in Fan 5 at Blaukop 
(photograph by A. Bouma).
Figure 4-11. Laterally extensive sheet-like outer-fan deposits of Fan 5 at 
Skoorsteenberg (photograph by A. Bouma).
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Table 4-2. Lithofacies of the Tanqua and Laingsburg subbasins.
Tanoua subbasin
Skoorsteenberg Formation
• massive sandstone
• parallel- and/or ripple cross-laminated sandstone
• parallel-laminated sandstone
• parallel-laminated shale/siltstone
• carbonaceous/micaceous siltstone
Laingsburg  subbasin
Vischkuil Formation Laingsburg Formation
• dark-brown to olive-grey shale • massive sandstone
• yellow-weathering tuff beds • parallel- and/or ripple cross­
• very-fine-grained to mud-rich laminated sandstone
sandstone • parallel- and/or ripple cross­
• massive sandstone laminated siltstone
• dark-brown shale
• carbonaceous/micaceous
siltstone
• yellow-weathering tuff beds
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few centimeters thick. They were deposited by low energy, low density turbidity 
currents and alternate with thicker sand deposits.
4) Parallel-laminated shales also occur in the sand-rich packages and constitute 
most of the succession between the main fan systems (Fig. 4-12). Differing silt 
composition yields dark, soft, flaky weathering silt-poor shale and silt-rich shale that 
weathers more pencil-like. Calcareous concretion layers, most exhibiting cone-in-cone 
structure, and yellow weathering tuff layers occur at intervals within the shale. 
Deposited by dilute, muddy turbidity currents mixed with hemipelagic suspension clay, 
the shales comprise a volumetrically large portion of the deposits in the subbasin. This 
facies represents background sedimentation that was more or less constant and was 
several times interrupted by sand-rich density flows.
5) Carbonaceous/micaceous siltstones are typically located at the top of medium 
to thick sandstone beds. The layers consist of abundant coalified plant material, fine 
sand, mica flakes and small shale clasts averaging 5 cm in thickness up to 30 cm thick. 
The siltstones are not always associated with a sandstone bed and can occur interbedded 
with other facies but always inside a sandstone succession.
Laingsburg Subbasin
The Laingsburg subbasin was strongly influenced by tectonic activities associated 
with the Cape Fold Belt. Increased compression on the Southern Branch of the Cape 
Fold Belt caused the Laingsburg subbasin to evolve into a deeper, narrower basin of a 
more typical foredeep configuration. The Laingsburg subbasin developed into a 
narrower, deeper basin paralleling the Southern Branch of the Cape Fold Belt (Fig. 1-2).
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Figure 4-12. Parallel laminated shales of the Tierberg Formation in the Tanqua 
subbasin (photograph by A. Bouma).
Figure 4-13. Valley and ridge topography of the Laingsburg subbasin. Majority of 
outcrops in the subbasin are in stream cuts and in road cuts (photograph by A. Bouma).
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Existing outcrops are highly folded, resulting in valley and ridge topography, and extend 
east-west for approximately 200 km (Figs. 4-13, 4-14; Wickens 1994). Shortening due 
to compression results in the outcrops extending 200 km in a very narrow belt 
approximately 20 km wide. Excellent outcrops are seen in N-S oriented road and stream 
cuts (Figs. 4-13, 4-15). Lateral continuity is not as great as in the Tanqua subbasin but 
sections can be traced up to 10 km. Unlike the Tanqua subbasin where the lower Ecca 
Group is rare in outcrop, the complete section from the Dwyka Group through to the 
Beaufort Group can be seen in the Laingsburg subbasin. Unlike the Tanqua subbasin, 
the outcrops of the Laingsburg subbasin extend not only from a proximal to distal 
environment but also to the sides of the basins. The Vischkuil and Laingsburg 
Formations are approximately 600 m thick in the axial portion of the subbasin (around 
the town of Laingsburg) and thin towards the sides of the basin (towards the Flooriskraal 
Dam to the south and towards Sutherland to the north). This leads to a wide range in 
thicknesses of individual fans and thinning and thickening of sandstone and shale 
packages in and between fan systems over the subbasin area, most likely due to various 
sediment bypass and accumulation zones that existed over the life of the subbasin. 
Laingsburg Submarine Fan Complex
Turbidity flow deposits in the Laingsburg subbasin are found in the Vischkuil and 
Laingsburg Formations (Fig. 1-3). The Vischkuil Formation is composed of argillaceous 
silty to fine-grained sandy turbidite deposits and varies in thickness from 200 to 400 m 
(Wickens 1994). The Laingsburg Formation includes four submarine fans, designated 
Fan A to Fan D from oldest to youngest, ranging from mid-fan channel fill deposits to
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Figure 4-14. Landsat TM (Bands 7,4,1) image of the outcrops of the Laingsburg subbasin. The greater compression exerted on the 
Southern Branch of the Cape Fold Belt folded the strata in the Laingsburg subbasin and gives the outcrops a valley and ridge type of 
topography.
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Figure 4-15. Outcrops of Fan A and B along the Buffets River in the Laingsburg 
subbasin.
Figure 4-16. Slump structure from the middle section of the Vischkuil Formation at 
Skeiding (southwestern portion of the Laingsburg subbasin).
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outer-fan lobe deposits. Intervening shales range from 25 - 180 m in thickness (Wickens 
1994). Paleocurrent directions are in an easterly direction (Wickens 1994). The 
deposits have been interpreted as distal and proximal turbidite systems for the Vischkuil 
and Laingsburg Formations, respectively (Wickens 1992,1994).
Lithofacies of the Laingsburg Submarine Fan Complex
Four lithofacies characterize the Vischkuil Formation in the Laingsburg subbasin 
whereas six lithofacies have been described from the Laingsburg Formation (Wickens 
1994). Lithofacies identified in the Vischkuil Formation include: 1) dark-brown to
olive-gray shale, 2) yellow-weathering tuff beds, 3) very fine-grained to mud-rich 
sandstone, and 4) massive sandstone. Laingsburg Formation lithofacies include: 1) 
massive sandstone, 2) parallel- and/or ripple cross-laminated sandstone, 3) parallel- 
and/or ripple cross-laminated siltstone, 4) dark-brown shale, 5) carbonaceous/micaceous 
siltstone, and 6) yellow-weathering tuff beds (Table 4-2).
The dark-brown shale facies in the Laingsburg subbasin weathers out in needle­
like pencil structures in discrete layers differentiated by grain size and texture. The 
shales, deposited by dilute, muddy turbidity currents mixed with hemipelagic suspension 
clay, comprise a volumetrically large portion of the deposits in the subbasin. The facies 
represents background sedimentation that was periodically interrupted by sand-rich 
density flows.
Light gray to light brown very fine-grained to mud-rich sandstones alternate with 
dark brown shales. The sandstones are more resistant to weathering than surrounding 
shales and have a variety of sedimentary structures such as sole structures, convolute
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laminations and dewatering features. Deposited as very fine-grained turbidite deposits 
are characterized by parallel- and/or rippie-laminations at the base of beds.
Massive sandstones, up to 1.5 m, occur infrequently in the Vischkuil Formation 
whereas thicker, up to 4 m, layers make up a significant portion of the Laingsburg 
Formation. Upper contacts are generally sharp and flat with the lower contacts abrupt 
with flat or irregular surfaces where sole structures are common. These fairly 
continuous layers are commonly amalgamated and contain rip-up clasts at the base of 
structureless beds, suggesting deposition by high-concentration turbidity flows.
Parallel- and/or ripple cross-laminated sandstones tend to be thinner than massive 
sandstones. However, they can be found in amalgamated units that may be more than six 
meters thick. The parallel-sided beds are continuous in outcrop and exhibit a variety of 
sole structures. While the bases are usually flat, the upper bedding planes have current 
and/or parting lineations or ripple marks. Deposition of these sandstones occurred from 
turbidity currents.
The upper portion of the Vischkuil Formation contains a number of slump 
features indicative of increased tectonism associated with the Southern Branch of the 
Cape Fold Belt (Fig. 4-16). The direction of slumping in the formation is generally north 
to northeastward, suggesting along the southern margin of the subbasin oversteepening 
occurred due to tilting (Wickens 1994).
Depositional Environment
Conditions during deposition of the middle Ecca Group in the southwest Karoo 
Basin are not as well known as during the deposition o f the lower and upper Ecca
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Group. Previous paleontological and paleoenvironmental studies have focused on the 
Dwyka, Prince Albert, Collingham, and Whitehill Formations in the lower Ecca Group 
(McLachlan and Anderson 1973; Visser 1990, 1992a). These formations have yielded a 
wide variety of both vertebrate and invertebrate fossils, including specimens from the 
Mesosaurous fauna that was used for the original correlation of Africa and South 
America (McLachlan 1973; Anderson 1974, 1975a, b, 1976; Anderson and McLachlan 
1976; McLachlan and Anderson 1977b; Oelofsen 1987; Oelofsen and Araujo 1987; 
Oelofsen and Loock 1988; Smith 1990). However, only Anderson (1974, 1975a, 1976), 
Wickens (1994) and Johnson (1996) worked in the Tanqua and Laingsburg subbasins. 
All the other studies were located outside of the subbasins. Some studies have focused 
on the paleontology of the upper Ecca formations (Rubridge 1987; Bender et al. 1991); 
these too were outside of the subbasins.
Paleoenvironmental indicators in the Skoorsteenberg, Laingsburg and Vischkuil 
Formations are difficult to find and generally inconclusive. These formations appear to 
be barren of macrofossils and microfossils. Measurement of numerous stratigraphic 
sections and observations at many outcrops of these formations in both subbasins has not 
yielded any body fossils. Earlier studies describing the formations in the subbasins did 
not document any macrofossils (Rogers and De Toit 1903; Rogers 1917, 1925; Kuenen 
1963; Jordaan 1981; McDonald 1984; Brink 1989; Cole and Basson 1991; Bouma and 
Wickens 1991, 1994; VUjoen 1992, 1993, 1994; Viljoen and Wickens 1992; Knutter 
1994; Wickens 1992, 1994).
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Trace Fossils
While the Skoorsteenberg, Vischkuil and Laingsburg Formations do not have any 
macro- or microfossils, trace fossils do occur (Table 4-3). Previous studies have 
documented feeding traces, trails and trackways and to lesser extent burrows, all within 
the Laingsburg subbasin (Anderson 1974, 1976; Wickens 1994).
Anderson (1974, 1976) described numerous ichnospecies from an assemblage of 
fish trails in the Laingsburg Formation. Descriptions include details of the trails and type 
of animal that made the markings. However, no interpretation about environmental 
conditions, besides the obvious observation that it was aquatic, has been made. Wickens 
(1994) mentions the work done by Anderson as well as making minor references to some 
trace fossils found in his study.
During the present study an assemblage of trace fossils from both the Tanqua and 
Laingsburg subbasins were collected and identified. Because no microfossils were found 
in samples collected during the 1994 field season, the 1995 field season emphasis was 
placed on finding environmental indicators for the purpose of clarifying the depositional 
environment of the submarine fan systems.
This investigation showed that both subbasins held a similar trace fossil 
assemblage. Trace fossils occur in a wide variety of settings (Crimes 1977; Crimes et al. 
1981; Crimes and Crossley 1991; Crimes et al. 1992; Crimes and McCall 1995), 
however, individual ichnogenus tend to be found in relation to certain settings. The 
difficulty in using trace fossils for environmental indicators is that some individual
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Table 4-3. Trace fossils found in the Tanqua and Laingsburg subbasins.
Trace Fossil Tanaua Subbasin Laingsburg Subbasin
Fish trails X X
Arthropod tracks (Umfolozia) X X
Limulid tracks (Koupichnium) X
Chondrites X X
Thalassinoides X
Planolites X
Cosmohaphe X X
Neonerites tmiserialis X X
Helminthopsis X X
Helminthoida X
Granularia X
Gordia X
Cosmophoria X
star-shape X
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ichnogenus can occur over a range of water depths and environments. With comparable 
assemblages, the southwest Karoo Basin trace fossils indicate that the subbasins 
experienced similar depositional settings unaffected by drastic differences in water depth, 
salinity or oxygenation.
Trace Fossils of the Tanqua and Laingsburg Subbasins
Trace fossils abundance and diversity are low in the Tanqua and Laingsburg 
subbasins. Two types of trace fossils were identified from the subbasins. One type 
represents tracks and trails of organisms traveling along the bottom of the basin floor. 
The second type includes feeding traces and burrows. The majority of the trace fossils 
are found on the bedding planes of thinner bedded silty sandstones (approximately 1-2 
cm). However, this does not mean that the fauna the trace fossils represent were only 
present during times of non-deposition of the thicker sandstone units. The erosive 
power of the turbidity currents that deposited the thicker beds may have been sufficient 
to erode the underlying bedding surfaces holding trackways and feeding traces. 
Conditions may have been more conducive for preservation of trace fossils in the 
thinner-bedded, siltier units.
Fish trails, such as those described by Anderson (1974, 1976), were found in the 
Buffels River section in the Laingsburg subbasin approximately two miles north of the 
Laingsburg bridge. The fossil locality is situated in Fan A outcrops along the Buffels 
River. Sinusoidal pairs of lines along with sets of parallel lines can be found (Fig. 4-17), 
representing the ichnogenus Undichna (Anderson 1974, 1976). Similar trails were also 
found in the Tanqua subbasin along with trails exhibiting sets of parallel lines (Fig. 4-18).
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(b)
Figure 4-17. Fish trails from Fan A at the Buffels River section in the Laingsburg 
subbasin, (a) One set of parallel lines with sinusoidal lines on either side, all created 
from one fish at the same time, (b) Crossing sets of parallel lines.
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Figure 4-18. Fish trails from the Tanqua subbasin (a) Parallel lines showing a 
sinusoidal nature, (b) Crossing parallel lines.
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Two different styles of animal tracks were found at the Buffels River site and are 
similar to specimens placed in Umfolozia ichnogenus (Fig. 6 in Anderson 1975a). One 
type of track (Fig. 4-19) was documented by Anderson (1975a) from the Dwyka Group 
at a locality to the north of the Tanqua subbasin. Similar tracks were located in the 
Tanqua subbasin (Fig. 4-20). The second style of track was only found in the 
Laingsburg subbasin (Fig. 4-21). The track appears similar to the ichnogenus 
Koupichnium, possibly the tracks of limulids, that have been found (at other localities in 
the Karoo Basin) situated above the Whitehill Formation (Anderson 1975a).
Along with fish trails and tracks, a number of feeding traces and burrows were 
found in both subbasins. The traces appear to be restricted to bedding planes and do not 
significantly penetrate the sediment. Three different trace fossils of this type have been 
identified. Examples of Chondrites, Thalassinoides, and Cosmohaphe were found in 
both subbasins (Figs. 4-22, 4-23, 4-24).
A number of other trace fossils were observed in deposits of the subbasins but 
could not be positively identified. Two specimens, one from each subbasin (Fig. 4-25), 
may be examples of Neonerites uniserialis. Other samples range from burrows that 
cross over each other (Fig. 4-26) possibly assignable to Pianolites, Helminthoidia or 
Gordia, to examples that are branching in a Y-shape (Fig. 4-27) and might be placed in 
the Helminthopsis ichnogenus. A star-shaped specimen was also found in the 
Laingsburg subbasin with the arthropod tracks and fish trails (Fig. 4-28). While exact 
identification cannot be made on these samples, they follow the trend of the other trace 
fossils and do not enter the sediment substrate but only exist on bedding planes. The
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Figure 4-19. Arthropod tracks from the Laingsburg Formation in the Laingsburg 
subbasin.
Figure 4-20. Arthropod track from the Skoorsteenberg Formation in the Tanqua 
subbasin.
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Figure 4-22. Chondrites from the 
Tanqua subbasin.
Figure 4-23. Thalassanoides from the 
Tanqua subbasin.
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(a)
■
 Figure 4-24. Examples of 
Cosmohaphe from the (a) 
Laingsburg subbasin and from 
the (b) Tanqua subbasin.
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Figure 4-25. Possible example of Neonerites vniserialis from the Laingsburg 
subbasin.
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(b)
Figure 4-26. Possible examples of Planolites from the (a) Tan qua subbasin and from 
the (b) Laingsburg subbasin.
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Figure 4-27. Trace fossils from the Tanqua subbasin exhibiting a  y-shaped branching 
pattern.
mm
Figure 4-28. Star-shaped specimen 
from the Laingsburg subbasin.
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ichnogenus that these unresolved specimens might belong to all represent mid- to outer- 
fan environments.
Traces fossils of the Helminthopsis inchofacies were found in stratigraphically 
equivalent and similarly deposited layers east of the Laingsburg subbasin (Kingsley 
1981). Johnson (1996) reported Chondrites, Helminthopsis, Helminthoida, Granularia, 
Gordia and Cosmophoria from the Tanqua subbasin.
Water Conditions
The Karoo Basin developed after the marine Dwyka ice sheet broke up into what 
was essentially an epicontinental sea. Connection between the basin and the open ocean 
appears to have been sporadic during the history of the Karoo Basin. Intermittent 
connection to the open ocean, prior to deposition of turbidite systems, is thought to have 
occurred (McLachlan and Anderson 1973). Depending upon how long there was a 
connection to the open ocean, the water column during deposition of submarine fan 
systems would have varied from marine to brackish, but most likely not fresh. Biological 
salinity indicators, in particular micro- and macrofossils, have not been found and the 
majority of trace fossils that are present in the Skoorsteenberg and Laingsburg 
Formations only indicate aqueous conditions but not salinity level. The only exception is 
a Iimulid track that was found. Modem limulids are marine animals and occupy zones in 
a shallow marine environment (Anderson 1975a). The fossil record of limulids 
predominately comes from non-marine sediments suggesting the organism underwent a 
change in habitat through time. However, the fossil record for limulids might be biased 
towards these marginal and non-marine environments because fossilization potential is
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greater in these environments than in their main habitats (Anderson 1975). Present 
evidence indicates that the submarine fan systems were deposited in a brackish water 
environment. Visser (1992a, 1993a, b, 1995) suggested that deposition of basin floor 
fans occurred in a restricted marine-brackish water environment (Fig. 4-29).
Trace fossils found inside the subbasins indicate that bottom waters were at least 
oxygenated enough to support a limited fauna. Feeding traces are limited to bedding 
planes. Burrows that penetrate into the bedding plane to any degree are not apparent. 
This limitation may be due to a lack of nutrients on the sea bottom for organisms carried 
down with turbidity currents and then died. It may also be due to the oxic/anoxic 
boundary being directly beneath the water/sediment interface and not providing proper 
conditions for grazing.
Water Depth
The presence of turbidites and submarine fan systems leads most geologists to 
assume a deep water depositional environment. Unfortunately, the term “deep water 
depositional environment” is non-specific. For the Tanqua and Laingsburg subbasins, 
the minimum water depth during deposition of submarine fan systems was certainly 
below storm base. Wave ripples or any other associated sedimentary structures typical 
of shallow water environments are not present in either subbasin.
Previous studies supports turbidite deposition in very deep to fairly deep water in 
both subbasins (Visser and Loock 1978; Cole 1992; Wickens 1992, 1994; Visser 1993a, 
b). This broad, ambiguous range results from water depth indicators found in the 
subbasins that are difficult to interpret. Turbidite deposits are characteristic of deep
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Figure 4-29. Suggested sedimentation rates in the Karoo Basin during the Permian and 
Triassic in conjunction with the tectonic history of the Cape Fold Belt (after Visser 1995).
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oceans but are not exclusive to that environment. Turbidity flows have been found to be 
active in shallow marine and lake depositional environments (Wickens 1994). The trace 
fossil assemblage does not support any conclusions on water depth. The fish trails and 
the trackways only demonstrate the environment was aqueous. The trace fossils, 
Chondrites, Thalassinoides and Cosmohaphe are present in environments ranging from a 
mid-fan setting to an outer-fan setting (Table 4-4; Crimes 1977; Crimes et al. 1992) but 
do not represent specific depths. A similar broad range of settings is evident for 
Neonerites, Planolites and Helminthopsis.
Paleo-water depth reported for the southwest Karoo Basin varying from shallow 
(around 150 m; Oelofsen and Araujo 1987) at the beginning of the Ecca Group to deeper 
depths, as great as 2000 m to as little as 300 m (Visser and Loock 1978), during fan 
deposition and back to shallow depths and deltaic deposition at the end of the Ecca 
Group (Wickens 1994). At present, a depth of around 500 m is currently accepted 
(Visser and Loock 1978; Cole 1992; Wickens 1992; Veevers etal. 1994).
Most previous studies have emphasized data collected outside the subbasins, with 
a few data points and observations from the Laingsburg subbasin and essentially none 
from the Tanqua subbasin. Paleo-water depth studies in the southwest Karoo Basin have 
put both the Tanqua and Laingsburg subbasins together as a single environment (Visser 
and Loock 1978; Cole 1992; Visser 1993b). However, with differing tectonic influence 
on each subbasin, it is likely that water depth in the two subbasins was significantly 
different. The Laingsburg subbasin developed into a deeper basin than the Tanqua 
subbasin and as a result had a greater water depth. While the currently accepted depth
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Table 4-4. Placement of trace fossils in relation to middle and outer fan settings (after 
Crimes 1977).
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U burrows Arenicolites 1 X X X
Diplocraterion 1 X X
Crustecean Ophiomorpha 1 X X X X X
burrows Thalassinoides 1 X X X
Granularia 3 X X X X X X X X
Various ? Saerichnites ? X X X X
Skolithos 1 X X X X X X X X
Pelecypodichnus 1 X X X X X
"Coprofite Mounds" 1 X X
Spreite Rhizocorallium 1 X X
Zoophycus 3 X X X X
Radiating Lorenzinia 2 X X X X
Other radiating traces 2 X X X X X X X
Belorhaphe 2 X X X X
Cosmorhaphe 2 X X X X X X X
Helicolithus 2 X X X
Helminthoidia crassa 2 X X X X X X
H. labryrinthica 2 X X X X X X X X
Helminthopsis 2 X X X X X X
Winding Neonerites 3 X X X X X X X
Scolicia 3 X X X X X X X X
Subphyllochorda 2 X X X X X X X X
Taphrhelminthopsis 2 X X X X X X X X
Patterned Meaaaraoton 2 X X
Paieodictvon 2 X X X X X X X X
Souamodictyon 2 X X X X X
Urohelminthoida 2 X X X X X X
Spiral Spirophycus 2 X X X X X X X
Spirorhaphe 2 X X X X
Straight Chondrites 3 X X X X X X X X
FucusoDSis 3 X X X X
Planolites 3 X X X X X X X X
Rhabdoolyphus 2 X X X
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of 500 m is a good average depth of the subbasins, it is more likely that the Tanqua 
subbasin had a water depth closer to 400 m and the Laingsburg subbasin experienced a 
600 to 700 m water depth during submarine fan deposition.
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CHAPTER FIVE
CORRELATION OF THE DEPOSITS OF THE 
TANQUA AND LAINGSBURG SUBBASINS
Introduction
Correlation of the deposits in the Tanqua and Laingsburg subbasins can be made 
on a formation level for the Dwyka, Prince Albert, Whitehill and Collingham Formations 
(de Beer 1990, 1992; Wickens 1992, 1994; Cole 1992; Visser 1993a, b). These 
formations were deposited before the anticlinorium separated the sediment transport into 
the subbasins. Above the Collingham Formation, the deposits in the subbasins cannot be 
correlated lithostratigraphically until the formations of the Beaufort Group (Fig. 4-1). 
The majority of studies in the subbasins have recognized turbidite deposits in the 
Laingsburg and Skoorsteenberg Formations and have correlated these formations from 
subbasin to subbasin but only on the formation level (e.g., Wickens 1992; de Beer 1992; 
Visser 1993a, b) or stated that turbidite deposition occurred simultaneously in both 
subbasins (Cole 1992, Veevers et al. 1994). Wickens (1994) correlated the five fan 
systems in the Tanqua subbasin with the four fan systems in the Laingsburg subbasins. 
Correlation of the Kookfontein Formation with the Fort Brown Formation and the 
Koedoesberg Formation with the Waterford Formation has generally been accepted 
(Wickens 1994).
Traditional Methods of Correlation
For correlation of stratigraphic sections, the use of microfossils, macrofossils and 
palynology are the most common methods. The fossil content of the Tanqua and
94
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Laingsburg subbasins, however, is very limited. During the field seasons of 1994 and 
1995 no body fossils were found in either the Tanqua or Laingsburg subbasins. Plant 
remains are found at some localities in the subbasins, but they are only indicative of the 
vegetation in the provenance area. A representative number of samples from both 
subbasins through the stratigraphic section were analyzed for microfossil content. 
However, no microfossils were recovered from any units in either subbasin. Samples 
from both subbasins also were evaluated for palynological content. Even in calcareous 
concretions found throughout both subbasins, no significant amount of pollen or spores 
were found. There is no documentation of any micro- or macrofossils found in the 
Skoorsteenberg, Vischkuil or Laingsburg Formations in any of the literature.
Deep-water submarine fan systems typically do not contain fossil-rich assemblages. 
In the southwest Karoo Basin, the submarine fan systems most likely were deposited in a 
brackish environment, due to periodic isolation from open marine conditions. 
Fluctuating salinity in the water column may have been tolerable only by a low diversity 
assemblage of organisms. The limited trace fossil assemblage found in the documents a 
low diversity assemblage. It is likely that there were not many organisms available to 
become fossilized at the time of submarine fan deposition. In addition, the deposits have 
experienced a number of geologic events, including compressional events of the Cape 
Fold Belt and dolerite intrusions, since the Permian. The compressional tectonics of the 
Cape Fold Belt following the development of the submarine fan systems appears to have 
pushed fluids through the sedimentary rocks of the region. These fluids may have
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dissolved any carbonate material in the deposits and recrystalized it as secondary calcite 
cement in the sandstones and concretions and calcite crystals in fractures. 
Chemostratigraphy
Correlation of unfossiliferous stratigraphic sequences requires non- 
biostratigraphical methods. Most of these methods rely on provenance characteristics of 
the deposits being correlated. These include heavy mineral analysis of the sandstones 
and geochemical fingerprinting, particularly of the trace element. Correlation of deposits 
by non-tradhional methods has been attempted for a number of years (e.g., Pearce and 
Jarvis 1995). However, until recently, it was a time-consuming and laborious task to 
determine the amount of a single element in a sample. Recent technological advances in 
chemical analysis of rocks has simplified the procedure.
Another correlation method barren sequences involves the use of geological 
marker beds, such as ash beds. The ash fall deposits are the most likely layers to be 
deposited contemporaneously in both the Tanqua and Laingsburg subbasins. The ash 
falls that blanketed the southwest Karoo Basin was most likely derived from the 
magmatic arc associated with the subduction of the paleo-Pacific plate under the 
southern edge of Gondwana (Fig. 2-6).
ICP - AES Analysis
Representative samples were chosen for ICP - AES chemical analysis for 
correlation of sandstone/siltstone packages in the Tanqua and Laingsburg subbasins. 
Almost all previous studies using non-biostratigraphical methods of correlation, were 
conducted on core samples from a single basin (e.g., Pearce and Jarvis 1995). In the
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southwest Karoo Basin, an attempt was made to correlate outcrop deposits between two 
geologically contemporaneous, but separate, subbasins. While previous studies have 
suggested that active submarine fan deposition was occurring in both subbasins 
simultaneously, it is a speculative conclusion not based on physical evidence. It is likely 
that the subbasins had a similar source area, which may indicate a single point source, for 
both subbasins (see Chapter 6). It seems unlikely that, from a single point source with a 
single sediment pathway, active deposition of submarine fan systems was occurring in 
both subbasin simultaneously. This possibility makes it extremely doubtful that any 
geochemical correlation between the sand-rich packages in the subbasins can be made. 
Deposition of the fine-grained deposits between the subbasins, however, may overlap 
enough to permit some correlation. Therefore, emphasis was placed on the fine-grained 
units between major sandstone packages to enhance potential correlation between the 
subbasins. Samples were taken in groups from the upper, middle and lower portions of 
the finer-grained packages between the major sand-rich packages of the subbasins. All 
of the ash beds that were thick enough were sampled and analyzed.
Analysis of ICP - AES Data
Correlation between the deposits in the Skoorsteenberg, Vischkuil and 
Laingsburg Formations was attempted using a number of methods. Twenty-five 
elements were analyzed from samples selected from the bottom, middle and top of the 
fine-grained sections between the sand-rich packages. Profiles as a function of depth for 
an individual element through the sampled sections were constructed, cluster analyses on
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different configurations of the data were run and a principle component analysis was 
conducted on the data.
Profiles of Elements
The concentration of a number of elements in a sample were plotted against the 
sample’s stratigraphic position to create a profile of the different elements. The profile 
for an element from a single stratigraphic section was compared to the other sections 
from both subbasins to evaluate if any similar patterns were evident. Elements used were 
As, Ba, Co, Cr, Ni, Ti, Sr, V, and Zn,
Correlation between the layers from the different measured sections inside a 
single subbasin using the Ba, V, Sr, Ti, and As profiles was evident (Figs. 5-1, 5-2, 5-3, 
5-4, 5-5). Correlation between the Tanqua and Laingsburg subbasins, however, is not as 
evident. The barium profile shows a significant decrease in Fan 2 at Kleine Riet Fontein, 
which may correlate with the sharp decrease in the middle of the Vischkuil Formation at 
Geelbek (Fig. 5-1). Similar correlation could be made from the vanadium profile 
between the marked decreases that can be seen in the Kleine Riet Fontein below Fan 1 
and in Fan 2 with the decreases that are shown in the lower and middle Vischkuil 
Formation at Geelbek (Fig. 5-2). Strontium content increases just above Fan 2 in the 
Tanqua subbasin and shows a similar increase in the middle of the Vischkuil Formation in 
the Laingsburg subbasin (Fig. 5-3). The titanium profile exhibits a general increase in 
concentration from Fan 1 through to just below Fan 5 in the Tanqua subbasin with three 
prominent spikes in the Kleine Riet Fontein section (Fig. 5-4). The titanium profile 
through the Laingsburg subbasin shows the some increasing trend through the Vischkuil
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Figure 5-1. Profiles of barium concentration through the measured sections in the 
Tanqua and Laingsburg subbasins.
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Formation and into Fan A in the Laingsburg Formation with a corresponding number of 
spikes as the Kleine Riet Fontein section. The arsenic concentration has a significant 
spike at the base of Fan 4 at Skoorsteenberg in the Tanqua subbasin, which may 
correspond to a similar concentration pattern in the Laingsburg subbasin at the top of the 
Vischkuil Formation (Fig. 5-5).
Cluster Analysis
Cluster analyses were conducted on the samples to test grouping based on 
geochemical characteristics (see Appendix B). A number of different data configurations 
were considered.
1) All elements for all samples (Table B-l, Appendix B)
2) To determine the more discerning elements for correlation, a “y to y” matrix for all 
samples on the values of individual elements was constructed. Between elements 
that had .99 to .90 correlation coefficient, the element that exhibited the least range 
was discarded. (Table B-3, Appendix B)
3) To determine the more discerning elements for correlation, a “y to y” matrix for all 
samples on the values of individual elements was constructed. Between elements 
that had .89 to .80 correlation coefficient, the element that exhibited the least range 
was discarded. (Table B-4, Appendix B)
4) All elements for all samples excluding the ash beds. (Table B-5, Appendix B)
5) To determine the more discerning elements for correlation, a “y to y” matrix for all 
samples on the values of individual elements was constructed. Between elements
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
105
that had .99 to .90 correlation coefficient, the element that exhibited the least range 
was discarded. (Table B-7, Appendix B)
6) To determine the more discerning elements for correlation, a “y to y” matrix for all 
samples on the values of individual elements was constructed. Between elements 
that had .89 to .80 correlation coefficient, the element that exhibited the least range 
was discarded. (Table B-8, Appendix B)
7) All elements for the ash beds only (Table B-9, Appendix B)
8) To determine the more discerning elements for correlation, a “y to y” matrix for all 
samples on the values of individual elements was constructed. Between elements 
that had .99 to .90 correlation coefficient, the element that exhibited the least range 
was discarded. (Table B-l 1, Appendix B)
9) To determine the more discerning elements for correlation, a “y to y” matrix for all 
samples on the values of individual elements was constructed. Between elements 
that had .89 to .80 correlation coefficient, the element that exhibited the least range 
was discarded. (Table B-12, Appendix B)
The cluster analysis does not show any unique signature for any of the fine­
grained sections between the Tanqua and Laingsburg subbasins. From the cluster 
analysis of the complete suite of samples (Tables B-l, B-3, B-4, Appendix B), and if the 
ash beds were removed (Tables B-5, B-7, B-8, Appendix B), there is no consistent 
grouping of the samples. Samples from the same layer in a single subbasin did not fall in 
the same group. Neither did the samples from the same layer in an individual 
stratigraphic section. Only some samples that were stratigraphically next to each other
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consistently grouped together. A general grouping of lower layers of the Tanqua 
subbasin grouping with the lower layers in the Laingsburg subbasin does occur. In 
addition, the higher layers in the Tanqua subbasin grouping with the higher layers in the 
Laingsburg subbasin. However, a number of exceptions can be seen in these groupings.
The ash beds from both subbasins, however, consistently group together in the 
cluster analysis of all the samples (Tables B-l, B-3, B-4, Appendix B). When cluster 
analysis was completed on the ash beds only, samples KRF-95-96 and GB-95-24 
consistently were related suggesting they may be correlated (Tables B-9, B-l 1, B-12, 
Appendix B).
It should be noted that cluster analysis forces the data into groups were there 
may not be any grouping. The geochemical data from the Tanqua and Laingsburg 
subbasins is homogeneous and does not show great variation from the base of the 
measured sections to the top, suggesting that the individual samples may not be diverse 
enough for cluster analysis to produce meaningful results.
Principle Component Analysis
On the data set produced by the ICP-AES analysis, principle component analysis 
was also conducted to determine if there were any grouping of the samples. Using the 
data set including all the samples with all the elements, the graph of the first two 
principle components, which explain ~9S % of the data, the ash beds once again fall out 
of the main grouping of the samples (Fig. 5-6). However, the ash beds themselves do 
not group together. The grouping of the ash beds in the cluster analysis may be caused 
from lying outside of the tighter grouping of the rest of the samples that is seen in the
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Figure 5-6. Graph of first two principle components of all the samples using all of the 
measured elements.
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principle component analysis, suggesting that they may not be related as the cluster 
analysis would indicate. It should also be noted that A1 and Ca are causing the scatter of 
the samples, which may remobilize during post-depositional processes and may not be 
representative of detrital chemical signatures. Removing the ash beds from the data set 
and only considering the elements that showed possible correlation in their profiles of the 
measured sections (As, Ba, Sr, Ti, and V), grouping of the samples is difficult (Fig. 5-7). 
The graph of the first two principle components, which explain -96 % of the data, 
groups together the majority of the samples in a single cluster and no distinct, separate 
groups can be discerned. As with the cluster analysis general trends may be speculated, 
but no definitive grouping of the data can be seen.
Correlation of the Submarine Fan Systems in the Tanqua and Laingsburg 
Subbasins
The correlation of the layers of the Tanqua and Laingsburg subbasins is 
problematic at best. The many variables that affected deposition in the subbasins have 
not, and most likely cannot, be resolved. This lack of data, along with lack of evidence 
for any accurate correlation between layers of the Skoorsteenberg, Vischkuil and 
Laingsburg Formations leads only to general, speculative relationships between the 
deposits in the subbasins.
The correlation of the sand-rich packages of the Skoorsteenberg and Laingsburg 
Formations assumes that active fan deposition occurred simultaneously in both 
subbasins. If the subbasins had separate sediment transport paths from different feeder 
systems and received sediments at the same time, then a correlation of the individual fan 
systems may be correct. However, if there was a single source for both subbasins with a
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single feeder system for the two subbasins, the assumption of active deposition in two 
adjacent basins does not seem likely. From the data available and observations that have 
been made, it does not appear that each subbasins had its own source area and separate 
transport paths (see Chapter 6). While this is not a certainty, it appears to be the most 
likely case. With a single point source and sediment pathway for both subbasins, one 
subbasin was most likely the site of active fan deposition while the other experienced 
hemipelagic sedimentation.
The Ba, V, Sr, Ti, and As profiles through the Skoorsteenberg, Vischkuil and 
Laingsburg Formations indicate a possible correlation between the subbasins. The 
profiles suggest that deposition of Fans 1 and 2 in the Tanqua subbasin are time 
equivalent with the deposition of the lower Vischkuil Formation in the Laingsburg 
subbasin (Figs. 5-1, 5-2, 5-3), Fan 3 is time equivalent with the upper Vischkuil 
Formation (Figs. 5-3, 5-4, 5-5), and Fan 4 in the Tanqua subbasin is equivalent with the 
upper Vischkuil Formation and the lower section of Fan A in the Laingsburg subbasin 
(Figs. 5-4, 5-5).
The ash beds analyzed from the Tanqua and Laingsburg subbasins appear to be 
related geochemically. The ash beds sampled in the Vischkuil Formation may possibly 
correlate with the ash beds between Fans 2 and 3 in the Tanqua subbasin. However, for 
the present study, only ash beds from the sampled sections were evaluated. One of the 
ash beds in the Skoorsteenberg section lay in the fine-grained section between Fans 3 and 
4 (sample SK-95-38). There is a correlation possibility of other ash beds also in different 
stratigraphic positions in both the Laingsburg and Tanqua subbasins. Exposure of the
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Tierberg Formation is very limited in the Tanqua subbasin and it may be that any ash 
beds from this formation may also correlate with ash beds in the Vischkuil Formation. 
With the ash bed from between Fans 3 and 4, grouping with the other samples, suggests 
the possibility that the ash beds may not have enough chemical variation through the 
Tierberg, Skoorsteenberg, Vischkuil and Laingsburg Formations to provide accurate 
correlation of individual fan systems. There is also the possibility that post-depositional 
processes may have altered the ash beds to the extent that they are no longer able to be 
distinguished chemically.
The correlation of the deposits of the Tanqua and Laingsburg subbasins is subject 
to other conditions, such as I) whether or not there was a single or multiple feeder 
systems, and 2) what was the influence of structures of the Cape Fold Belt on 
sedimentation pathways. The data does not provide enough information to determine 
positive correlation of all the layers in the Skoorsteenberg, Vischkuil and Laingsburg 
Formations. Most likely, active submarine fan deposition only occurred in one subbasin 
at a time, with the possible exception of Fan 4 in the Tanqua subbasin, to accurately 
correlate sand-rich packages from one subbasin to the other. In addition, it is not 
possible at this time to determine if one subbasin filled completely and then the other, or 
if sedimentation alternated between the two subbasins. However, if accepted, 
correlation based on the element profiles and grouping of the ash beds in the cluster and 
principle component analysis suggests that deposition of Fans 1, 2 and 3 in the Tanqua 
subbasin correlate with the deposition of the Vischkuil Formation in the Laingsburg 
subbasin (Fig. 5-8). Fan 4 in the Tanqua subbasin may correlate with the lower section
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Figure 5-8. Possible correlation lines indicating a potential dcpositionai sequence of submarine fan systems between the Tanqua and 
Laingsburg subbasins on the basis of ash bed and geochemical correlation.
113
of Fan A in the Laingsburg subbasin. Further correlation between the subbasins higher in 
the sections again becomes difficult with numerous scenarios of alternating submarine 
fan building being equally valid.
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CHAPTER SIX 
SOURCE AREA AND SEDIMENT TRANSPORT PATHS
Introduction
Sedimentation models in active margin basin settings show the majority of 
deposits in a retro-arc foreland basin derive from an associated fold-thrust belt situated 
towards the subduction zone with a lesser contribution from the stable continental 
interior and forebulge (Figs. 1-8, 1-9; e.g.: Heller et al. 1988; Jordan 1995). Sandstones 
deposited in the retro-arc foreland basin setting typically lie in the recycled orogeny field 
of a Q-F-L ternary diagram of Dickinson and Suczek (1979). It is also possible that the 
metamorphic and igneous interior of an orogenic belt can contribute a significant amount 
of material to the basin (Jordan 1995). Sediments may enter into the foreland basin from 
enough point sources that the supply may approximate the afreet of a line source (Jordan 
1995). Deposits in the active margin foreland basin setting usually consist of immature 
sediments, typically coarse grained up to the conglomeratic facies (Heller et al. 1988) 
due to the close proximity of the source area to the depositional basin. It is sometimes 
possible to petrographically and geochemically associate deposits in the foreland basin 
with the adjacent fold thrust belt because of the nearness to the source area. 
Additionally, the short transportation distances do not allow degradation of the source 
area signature of the sediments. Some reworking of deposits may take place after 
rebound of the basin occurs in conjunction with the erosion of the fold-thrust belt (Fig. 
1- 8 ).
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Possible Source Areas of the Sediments in the Tanqua and Laingsburg Subbasins
The source area for sediments deposited as submarine fan systems in the Tanqua 
and Laingsburg subbasins have long been a subject of speculation (Elliot and Watts 
1974; Kingsley 1981; Halbich 1983, 1992; de Beer 1990, 1992; Johnson 1991; Cole 
1992; Visser 1992; Wickens 1994; Veevers et a l 1994). The majority of previous 
studies based their suggestions for the source area on their paleoreconstructions, relying 
heavily on traditional sedimentation models for foreland basins. Most concluded that the 
associated fold-thrust belt (Cape Fold Belt) was uplifted and eroded to shed sediment 
into the subbasins. No previous study has been conducted on the submarine fan systems 
of the Tanqua and Laingsburg subbasins to determine the source area characteristics of 
the sediments.
Visser (1992) stated, in reference to Kingsley (1981), that the source area 
consisted of low-grade metamorphic rocks located in his southern orogenic belt (Figs. 2- 
7, 2-10, 2-11). In his conclusions, referring to Elliot and Watts (1974), he stated that by 
exposing basement during uplift in fold-thrust belt, sediments (including boulders and 
pebbles of granite, gametiferous gneiss and metalava) were shed eastward into the Karoo 
Basin. Cole (1992) believed the branches of the Cape Fold Belt were above sea level 
during time of submarine fan development and, thus, was the main sediment source. 
Paleoreconstructions of the Cape Fold Belt by Hilbich (1983, 1992) suggest that the 
Cape Fold Belt experienced uplift and erosion during the first tectonic event at 278 Ma. 
Halbich believed that sediments in the Tanqua and Laingsburg subbasins were mainly 
derived from the Cape Supergroup, and that further study was needed to determine if the
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sediments in the subbasins represent eroded sandstones and shales of the Dwyka Group, 
and the Witteberg and Bokkeveld Formations. Veevers et al. (1994) suggested that the 
Tanqua subbasin derived sediment from resurgent Atlantic mountains that expanded 
eastward to the Western Branch of the Cape Fold Belt with the Laingsburg subbasin 
receiving sediment from the Southern Branch of the Cape Fold Belt. De Beer (1990, 
1992) simply stated that the source areas for the sediments in the subbasins were located 
somewhere to the west, southwest and south. Using traditional QFL diagrams, Johnson 
(1991) concluded that similar sediments, stratigraphically at the same level as the 
submarine fan systems in the Tanqua and Laingsburg subbasins located to the east of the 
Laingsburg subbasin, can be classified as lithofeldspathic (Fig. 6-1). He also concluded 
that the sediments were sourced from a provenance outside of the fold-thrust belt and 
fell in a magmatic arc field (Fig. 6-2). He stated that the Cape Fold Belt could not have 
been the source for the sediments.
To find indicators of the source area of the submarine fan sequences of the 
Tanqua and Laingsburg subbasins, petrographic and microprobe analysis of sandstones 
from the submarine fan systems of the Skoorsteenberg, Vischkuil and Laingsburg 
Formations were conducted.
Petrographic Analysis
Thin sections of samples from each of the submarine fan systems in the 
Skoorsteenberg and Laingsburg Formations, as well as samples from the sandstones of 
the Vischkuil Formation, were described under a standard petrographic microscope. 
Descriptions of thin sections are given in Appendix C.
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The sandstones of the Skoorsteenberg, Vischkuil and Laingsburg Formations are 
fine- to very fine-grained, ranging from 177 to 62p with the majority between 125 to 
62|i. Individual samples show a wide range of rounding with most being subangular to 
subrounded (Fig. 6-3). The majority of the sandstones are grain-supported with varying 
amounts of mud matrix with some holding thin mud laminae. Orientation of the long 
axis of the grains perpendicular to bedding is developed in a number of the samples. 
Mineral composition of the samples was similar throughout. All of the samples contain 
mono- and poly-crystalline quartz as the major component. The samples also contain 
different feldspars. Albite-twinned plagioclase is common, along with K-feldspar 
microcline twinning and some tartan twinning. A large number of the feldspars are 
essentially euhedral, exhibiting sharp angles. All of the samples have both detrital 
muscovite and biotite. The biotite has a vivid red color with most bent around other 
grains, implying a detrital origin (Fig. 6-4). All of the samples contain a wide variety of 
heavy minerals including tourmaline, garnet, zircon, apatite, sphene, rutile and epidote 
(Fig. 6-5). In all of the thin sections there was little petrographic evidence for alteration 
of minerals.
Microprobe Analysis
The mineral chemistry of representative grains of detrital biotite, tourmaline and 
garnet were evaluated to infer provenance. Compositional data for each point is given in 
Appendix D.
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Figure 6-3. Sample SK-95-162 showing grains ranging from subangular to 
subrounded.
Figure 6-4. Reddish biotite bent around adjacent grains in sample KRF-94-5.
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Figure 6-5. Heavy minerals 
from sample (a) BR-95-91 and 
(b) SK-95-64.
(a)
(b)
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Source Area Characteristics of the Skoorsteenberg, Vischkuil and Laingsburg 
Formations
From petrographic and microprobe analysis of the sandstones from the 
Skoorsteenberg, Vischkuil and Laingsburg Formations it appears that the source for 
these sediments consists of two components:
1) High-grade metamorphic zone
Analyses of tourmaline, garnet and biotite in the samples from both the Tanqua 
and Laingsburg subbasins are consistent with an origin from a high-grade metamorphic 
terrain (amphibolite to lower granulite facies). Tourmaline in the samples exhibit 
pleochroism schemes from yellow to orange and green to blue, and have Fe/Fe+Mg 
rations from .155 to .74 . Detrital biotites in the samples are a deep red with Fe/Fe+Mg 
ratios ranging from .284 to .512. Garnets found in the sandstones range from 0.1 - 44% 
pyrope, 25-81% almandine, 0.2 - 12% spessartine and 2 - 72% grossular.
Plotting detrital tourmaline compositions on the Al-Fe-Mg environmental 
diagram of Henry and Guidotti (1985) places the majority of tourmaline in fields 
consistent with derivation from metapelite and metapsammite (both Al-saturating and no 
Al-saturating phases) zone, and in a Fe(3’ -rich quartz-tourmaline rocks and in a calc- 
silicate zone (Fig. 6-6). In addition, there is a distinction of the tourmaline between the 
different sections that were analyzed. The Buffels River section is composed of 
tourmalines from metapelites/metapsammites and marbles. The Kleine Riet Fontein 
section holds tourmalines from Fe-rich metapelites/metapsammites, granite and calc- 
silicate. While the Skoorsteenberg tourmalines come from Fe(3"> metasediments. On a 
Ca-Fe-Mg ternary diagram, the tourmaline primarily fall in the Ca-poor metapelite-
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Figure 6-6. Tourmaline Al/Fe/Mg ternary diagram with provenance fields (after Henry and Guidotti 1985; Henry and Dutrow 1992).
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metapsammite and calc-silicate fields (Fig. 6-7). Some tourmalines on both Ca-Fe-Mg 
and Al-Fe-Mg ternary diagrams fall in the metacarbonate zone. Again the tourmaline 
from the different sections fall into similar fields as the Al-Fe-Mg ternary diagram In 
addition, tourmaline crystals found in the thin sections are generally larger, 3.5 - 2 (j>, 
consistent with authigenic origin (Fig. 6-8).
The garnets analyzed fall predominately in the gneiss and schist fields of a Ca- 
Fe+Mg-Mn ternary diagram (Fig. 6-9). The samples contain a number of garnets with a 
high Ca content, possibly derived from skara zones (metamorphosed carbonates).
An Al-Fe-Mg ternary diagram for biotites shows a clustering of the data toward 
high aluminum, indicative of biotite derived from aluminous metasediments (Fig. 6-10). 
The typical range of Al for primary biotite is 3.0 and 3.6 (Fig. 6-11). The skew of the 
data towards the Al end may be due to slight chloritization of some of the biotite. A 
large number of the biotites hold a high titanium content. The higher titanium content 
correlates with the reddish color under plane polarized light of a petrographic 
microscope. The titanium content of the bitotites indicates a minimum temperature that 
falls into the amphibolite to lower granulite facies (Fig. 6-12; D. Henry, unpublished 
data). Some of the titanium values may be shifted to lower amounts due to alteration. 
The minimum temperatures for the biotites are based on biotites from natural high- 
aluminous metapeiites (LaGrange and Henry 1992). The K values of the biotites are 
lower than normal, unaltered biotites, indicating vermiculitization (the first stage of 
alteration) by replacement of the potassium ion with H3O*.
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Figure 6-8. Tourmalines from (a) sample KRF-95-5 and (b) sample SK-95-64.
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Figure 6-10. Al/Fe/Mg ternary diagram showing biotite compositions from the Tanqua 
and Laingsburg subbasins. Skew of the data towards Al is due to slight chloritization of 
the biotites. Biotites from Kleine Riet Fontein - • ,  Skoorsteenberg - ■, Geelbek - ▼, 
Buffels River -  A .
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All of the samples contain a variety of additional heavy minerals including zircon, 
apatite and sphene. The sphenes have a high Al content consistent with a high-grade 
metamorphic terrain. A number of samples also contain monazite and rutile.
2) Granitoid zone
Another source rock type are granitoids. This component is indicated by the 
composition of some of the tourmalines and garnets as well as other detrital components 
in the samples.
One tourmaline analysis fell in the Li-poor granitoid/pegmatite/aplite field in both 
the Al-Fe-Mg ternary diagram and the Ca-Fe-Mg ternary diagram (Figs. 6-6, 6-7). A 
number of the garnets analyzed fell into the granite zone of a Ca-Fe+Mg-Mn diagram 
(Fig. 6-9). The high-Ca garnets probably formed in a skam zone. For a skam zone to 
form, an intrusion into a carbonate area by a granitoid mass is required. 
Petrographically, the microcline twinning in K-feldspars found in the samples is 
consistent with slowly cooling granitoids.
From the analyses of the sandstones, it appears that the source for the submarine 
fan systems in the Tanqua and Laingsburg subbasins cannot be the Cape Fold Belt. The 
Cape Fold Belt experienced peak metamorphic conditions no greater than greenschist 
facies (-250 - 400° C; -3 kb; Halbich and Cornell 1983; Halbich 1983a), and/or prehnite 
- pumpelleyite facies (Martini 1974). In contrast, the source regions for the detritus in 
the Tanqua and Laingsburg sandstones are from a metamorphic terrane in an amphibolite 
to lower granulite facies.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
131
Source of Fan 4 in the Tanqua Subbasin
Fan 4 in the Skoorsteenberg Formation has a different paleocurrent direction 
from the other four fan systems. This difference in direction may indicate a distinct 
source area for the fan. A difference can also be seen in the chemical signature of Fan 4. 
The profiles of chromium and nickel through the four measured sections are similar 
except for two large increases in the Skoorsteenberg section (Figs. 6-13, 6-14). A slight 
increase at a similar level for the lower spike on both profiles is also seen at the Kleine 
Riet Fontein section while the chromium and nickel profiles in the Laingsburg subbasin 
show little variation. The increase in chromium and nickel content in the deposits just 
prior to and of Fan 4 may likely due to an ultramafic source is contributing to the 
deposits of in the Tanqua subbasin. The contribution appears to be short-lived and 
sporadic as the chromium and nickel profiles at Skoorsteenberg shows two large 
increases in chromium content before and at the beginning of Fan 4, with two smaller 
increases between Fan 4 and 5 (Figs. 6-13, 6-14). The additional contribution of this 
ultramafic source area may indicate a new sediment pathway into the Tanqua subbasin 
that did not supply the Laingsburg subbasin.
Sediment Pathways
Sediments being transported from their source area to a deep-water depositional 
environment undergo a variety of transport mechanisms through several paths. 
Typically, sediments are fluvially transported from the uplifted source area to a delta 
system where they are deposited on a continental shelf or platform. When the deposits 
become unstable they collapse and a slide or slump travels across part of the basin slope.
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Figure 6-13. Profiles of chromium concentration for the measured sections in the 
Tanqua and Laingsburg subbasins.
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Such a mass movement changes into turbidity current carrying the sediment in 
suspension into deeper water until the current is no longer strong enough to support the 
load. A number of factors affect the grains during these processes of transport (Fig. 6- 
15). Weathering occurs in the source area, during the fluvial transport process, in the 
deltaic or beach setting and subsequent diagenesis after burial.
Transport pathways of the sediments from the source area to the subbasins are 
very difficult to determine. With the exact location of the source area in question, 
sediment pathways from source to deposition can only be approximated, especially the 
area where influence by the emerging structures of the Cape Fold Belt was possibly 
greater.
The sandstones in the submarine fan systems in the subbasins consist of immature 
sediments. They are well sorted but the majority of the grains are subrounded to 
subangular indicating shorter overall weathering time. The conditions of the grains in the 
sandstones of the Skoorsteenberg, Vischkuil and Laingsburg Formations indicate a 
relative short bottom-ioad continental and shelf transport. A number of the feldspars in 
the sandstones are sub- to euhedral. Feldspars are more susceptible to mechanical 
weathering and readily round and alter under continental transport. There is not much 
alteration of the micas (only early vermiculitization shown by the lowered K content of 
the biotites) and feldspars indicating a short time in a continental/shelf environment. 
However, during sub-aqueous transport very little to no abrasion or chemical alteration 
typically occurs in density currents.
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Influence of Cape Fold Belt Structures on Sediment Pathways
The basin floor high separating the Tanqua and Laingsburg subbasins had enough 
expression to thin the Whitehill and Collingham Formations and to exert some control 
over sediment pathways during the deposition of the submarine fan systems. This 
control is evident from the separation of the subbasins and from paleocurrent directions 
in the submarine fan systems away from the anticlinorium area.
While the Cape Fold Belt did not have enough expression to shed sediments into 
the subbasins it most likely had developed enough to afreet sedimentation paths into the 
subbasins. The emerging structures of the Cape Fold Belt affected the sea floor 
topography causing highs and lows to form and influencing sediment paths into the 
subbasins. Sediment pathways over the time of basin fill had to conform to the changes 
in seafloor expression from the evolving Cape Fold Belt. A change of the topography of 
the sea-floor, due to a tectonic event, sediment mass movement or other events, can 
change the highs and lows of the basin floor and alter the pathway the sediments take to 
the depositional basin. The change in paleocurrent direction for Fan 4 in the Tanqua 
subbasin could be attributed to these factors.
Location of Source Area
The petrography, chemistry and the fine-grained, mud-rich texture of the deposits 
suggests a more distant source area with a longer slope and basin transportation route. 
Sediments are consistent with being sourced from an orogenic belt associated with the 
subduction zone on the west side of South America (Fig. 2-18). Some paleogeographic 
reconstructions of southern Gondwana also indicate a distant source area (Figs. 2-7, 2-
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10; Visser 1991a, 1992b; Cole 1992; Wickens 1994). The actual distance to the source 
area has been suggested to be as little as a few hundred kilometers (Visser 1991a) to as 
much as 2000 km (Lock 1980). Johnson (1991) suggested that the large volcaniclastic 
component of the Ecca Group could not have been sourced from the southern margin of 
Gondwana situated up to 2000 km away, but had to come from somewhere closer to the 
south of the present southern basin margin. While it is very difficult to pinpoint precisely 
the location of the source area, estimates can be made. Most likely the sediments came 
from a source towards the southwest around 200 - 500 km away that is no longer 
present today. Lock (1980) thought that presently the source may be located beneath 
the Falkland Island Plateau. The provenance of the sandstones in the Tanqua and 
Laingsburg subbasins probably came from an area between the magmatic arc of the 
subduction zone and the rising but submerged fold-thrust belt, possibly an uplifted area 
of older, metamorphosed sediments in the paleo-Patagonia region (Figs. 2-6, 2-7).
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CHAPTER SEVEN
GEOLOGIC HISTORY OF THE 
TANQUA AND LAINGSBURG SUBBASINS
Introduction
The evolution of the Tanqua and Laingsburg subbasins are intertwined with one 
another and with the events and structures of the Cape Fold Belt. This interdependency 
of the evolution of this section of southwest Gondwana makes it difficult to determine an 
absolute order of depositional events in the subbasins. The different possibilities for each 
of the parameters involved in the formation and filling of the subbasins, especially during 
submarine fan deposition, causes changes in others, resulting in a wide number of 
possibilities for sedimentation of the subbasins (Table 7-1). From the architecture, 
thickness, lithologies, sedimentary structures, paleocurrent indicators, field observations, 
and geochemistry of the stratigraphic sections through the Tanqua and Laingsburg 
subbasins, a number of possibilities of the history of the subbasins, in particular the 
development of the submarine fan systems, can be suggested.
Timing of Tectonic Events of the Cape Fold Belt with Sediment Deposition in the 
Subbasins
The relationship of the formation of the subbasins and sedimentation associated 
with different events of the Cape Fold Belt is an important aspect in the geologic history 
of the subbasins. The earliest time for deposition of the Whitehill Formation has been 
suggested to be late Sakmarian (Oelofsen and Araujo 1987). The upper age limit for the 
boundary between the Ecca Group and Beaufort Group, set by reptile remains, is early
138
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Table 7-1. Different possibilities for the various parameters affecting evolution of the 
Tanqua and Laingsburg subbasins.
Subbasin Evolution Param eters
Source Area Sediment Pathways
• Cape Fold Belt • Through Cape Fold Belt but
• Southern Highlands varying structures causing
-beyond the Cape Fold Belt different routes
• Each subbasin with own source area • Both subbasins having essentially
• Different source area for some fan systems same pathway
• Long distance to source area • Each subbasin with own pathway
• Short distance to source area • Sediment pathway different for 
individual fan system
Subbasin Configuration Depositional
Environment
• Tanqua • Deep water - below storm base
- broad and open • Marine
- mild tectonic influence • Brackish
• Laingsburg • Oxic bottom waters
- deep and narrow (foredeep) • Anoxic bottom waters
- strong tectonic influence
Tectonic Influence Subbasin Filling
• Basin floor high • Same time
• Expression of Cape Fold Belt • First one completely and
• Active during filling of both subbasins then the other
• Passive during filling of both subbasin • Alternating between the
• Active during filling of Laingsburg subbasin subbasins
• Passive during filling of Tanqua subbasin
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late Permian, possibly the at the start of the Kazanian (Rubridge 1987). From these 
ages, it appears that the subbasins formed and filled during the first two events of the 
Cape Fold Belt. The anticlinorium, where the two branches of the Cape Fold Belt meet, 
developed during these early events of the Cape Fold Belt and exercised some control 
over the sediment paths into the subbasins.
The 278 Ma Tectonic Event
A number of previous studies associate this event with the end of Dwyka 
glaciation (Visser 1990, 1991c; Cole 1992; Veevers et al. 1994). With no evident 
influence on the Prince Albert Formation, the Cape Fold Belt probably had not emerged 
at this time. Other studies suggest that the Cape Fold Belt experienced enough 
development for the anticlinorium to produce topography on the sea floor and influence 
sedimentation to some extent with the 278 Ma event (de Beer 1990, 1992; Wickens 
1992, 1994). Some reconstructions show that not only did the Cape Fold Belt emerge 
with the 278 Ma event, but also that the complete Ecca Group was deposited before the 
next event at 258 Ma (Halbich 1983, 1992).
The transition from dark, carbonaceous shales of the Whitehill Formation to 
siliciclastic turbidite deposits with numerous ash fall deposits of the Collingham 
Formation may indicate a change in tectonic conditions of southwestern Gondwana 
(Wickens 1992, 1994). This change may correspond to the 278 Ma tectonic event. This 
correlation agrees well with the late Sakmarian age of the Whitehill Formation by 
Oelofsen and Araujo (1987), and the suggested age of 276 Ma for an ash bed in the 
Collingham Formation (M. J. de Wit, per. comm., 1995).
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The 258 Ma Tectonic Event
Almost ail previous studies have suggested that the onset of turbidite deposition 
in the Tanqua and Laingsburg subbasins was initiated by the tectonic activity associated 
with the 258 Ma event (de Beer 1990, 1992; Cole 1992; Visser 1992a, 1993a,b, 1995; 
Veevers et al. 1994). Halbich (1983, 1992) associated the deposition of the lower 
Beaufort Group with the 258 Ma event (Fig. 2-13).
Submarine Fan Deposition
Deposition of submarine fans usually occurs during a relative sea level lowstand 
when sediments can be transported easily to the outer shelf. The relative sea level 
lowering can be caused by a global eustatic fall or by local tectonics, uplifting the source 
area. The speed which the sediments are transported to a basin is a combination of 
weathering of the source area and the transport distance to the updip slope of the 
receiving basin.
Previous authors have consistently correlated onset of submarine fan deposition 
in the Tanqua and Laingsburg subbasins with the 258 Ma event (de Beer 1990, 1992; 
Cole 1992; Visser 1992a, 1993a, b, 1995; Veevers et al. 1994). With the Ecca 
Group/Beaufort Group boundary presently placed near the base of the Kazanian 
(Rubridge 1987; Visser 1995) this correlation seems unlikely. This leaves a time span 
between 0 and 3 Ma for the bulk of the deposition in the subbasins, depending on what 
time scale is used. This assumption means that the compressional event uplifted the 
source area, weathering occurred in the source area, sediments were transported by 
fluvial and shelf processes, turbidity currents transported sediments to the deeper basins,
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and the Skoorsteenberg and Laingsburg Formations were deposited along with the 
overlying Kookfontein/Fort Brown and Koedoesberg/Waterford Formations, over this 
time span.
The Geologic History of the Tanqua and Laingsburg Subbasins
Prince Albeit. Whitehill and Collingham Formations
The Prince Albert Formation was deposited after the breakup of the marine ice 
sheet. It consists of post-glacial mud deposition containing numerous dropstones. 
Deposition took place under marine conditions indicated by the abundance of 
phosphorite nodules (McLachlan and Anderson 1973; Visser 1991a, 1992b; Wickens 
1994)
The Whitehill Formation, which consists of black organic-rich shales, was 
deposited in a large shallow sea covering most of southwestern Gondwana. Deposition 
occurred in a stratified water column with anoxic bottom conditions (McLachlan and 
Anderson 1977a; Anderson and McLachlan 1979; Oelofsen 1987; Oelofsen and Araujo 
1987; Visser 1992b; Wickens 1994). The Whitehill Formation thins from 50 m to 25 m 
over the anticlinorium area (de Beer 1992; Wickens 1994) indicating early structural 
control from the emerging features of the Cape Fold Belt on sedimentation patterns in 
the subbasin.
The change from the dark, carbonaceous shales of the Whitehill Formation to 
numerous ash fall and siliciclastic turbidite deposits of the Collingham Formation appears 
to indicate a change in the tectonic conditions of southwestern Gondwana (Wickens 
1994). This transition is most likely caused by the first compressional event of the Cape
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Fold Belt at -278 Ma (Figs. 7-1, 7-2). The event caused deepening of the Tanqua and 
Laingsburg subbasins bringing about basin margin instability and slope failure causing 
turbidity currents to travel into the developing basins. Uplift in the orogenic belt brought 
about a relative sea-level lowering but only infrequent transport of sediment into the 
subbasins. The Collingham Formation thins over the anticlinorium area indicating the 
continuing development of the basin floor high. An ash bed in the Collingham Formation 
was recently dated at 276 Ma (M. J. de Wit, per. comm., 1995) suggesting the 
relationship of the age of the formation and the increased activity in the magmatic arc in 
conjunction with the 278 Ma tectonic event.
Tierberg. Skoorsteenberg. Vischkuil and Laingsburg Formations
After deposition of the Collingham Formation, the anticlinorium developed 
enough to effectively split the sedimentation paths into the subbasins. After the first 
major compressional event of the Cape Fold Belt at 278 Ma, the Laingsburg subbasin 
may have deepened faster than the Tanqua subbasin due to increased compression of the 
Southern Branch of the Cape Fold Belt. The faster subsidence of the Laingsburg 
subbasin led to basin margin instability and turbidite flows during the early stages of 
subbasin development. The faster deepening of the Laingsburg subbasin is evidenced in 
the Vischkuil Formation by the presence of lower-density turbidites and slump features 
(Fig. 4-16). At the same stratigraphic level, the slower subsiding Tanqua subbasin 
underwent dilute, muddy turbidite, and hemipelagic sedimentation, depositing the dark 
shales of the Tierberg Formation (Fig. 4-12).
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After the beginmng of deposition of the Tierberg and Vischkuil Formations, 
timing of the following deposits in the subbasins is more difficult to infer. The amount of 
time that the Tierberg and Vischkuil Formations represent until the onset of submarine 
fan deposition is very difficult to determine.
With uplift of the orogenic belt having occurred with the 278 Ma event, 
subsequent weathering in the source area started to supply sediment for the subbasins 
(Figs. 7-1, 7-3). With the longer transportation distance from the source area to the 
subbasins, sedimentation into the subbasin represents a post-tectonic, rather than a syn- 
tectonic, depositional stage (Heller et al. 1988).
If the correlation of the chemical signatures of the deposits along with the ash 
beds in the Vischkuil Formation with those from between Fans 2 and 3 in the 
Skoorsteenberg Formation is correct, then relative timing of deposition of some 
submarine fan systems may be inferred. Although the Laingsburg subbasin deepened 
faster, submarine fans first developed in the Tanqua subbasin. Building of Fans 1 and 2 
of the Skoorsteenberg Formation in the Tanqua subbasin interrupted hemipelagic/muddy 
turbidite deposition while slumps and low density turbidite flows of the Vischkuil Fm. in 
the Laingsburg subbasin were still being deposited (Fig. 5-8). Sediment paths were most 
likely affected by structures of the Cape Fold Belt. This control may have caused 
sediment paths to go into the Tanqua subbasin even though the Laingsburg subbasin had 
more accommodation space. If the ash beds do not correlate, it may be that sediment 
pathway to the Laingsburg subbasins was already established and with greater 
accommodation space, submarine fan systems developed there first (Fig. 7-4).
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The timing of the deposition of the submarine fan systems in the Tanqua and 
Laingsburg subbasins is very difficult to resolve. With sediment pathways hard to 
establish it is difficult to determine the timing relationships between the individual fan 
systems. The available data indicate a single source area and probably a single sediment 
pathway into both subbasins. If this is correct then submarine fan deposition most likely 
alternated in some respect between the subbasins with many different interpretations 
being equally valid (Figs 5-1, 7-4). This includes the possibility of active sand input to 
switch from one subbasin to the other during deposition of one of the larger sand-rich 
packages (Fig. 7-5). Fan A contains a number of shale breaks inside the overall larger 
sand-rich sequence. Fan 2 consists of three sand-rich packages separated by shales. 
These breaks may indicate the change or temporary interruption of the sediment path 
from one subbasin to the other. With sediment pathways difficult to establish, especially 
closer to the source area, a small change in sea-floor topography, a rise or depression, 
could lead to a large change in the sediment transport path to the subbasins. 
Kookfontein/Fort Brown and Koedoesberg/Waterford Formations
The second compressional event at 258 Ma uplifted the orogenic belt and Cape 
Fold Belt to the extent of cutting off sedimentation paths and stopping submarine fan 
deposition into the subbasins (Figs. 7-1, 7-6). With no sediments coming into the 
subbasins from the previous source area, the subbasins experienced predominately 
hemipelagic sedimentation. Containing upward thickening and coarsening cycles, 
starting with dark-gray shale and siltstone followed by alternating siltstone, shale and
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sandstones, the Kookfontein and Fort Brown Formations represent progressively 
shallowing conditions associated with deltaic progradation (Wickens 1994).
With uplift in the Cape Fold Belt, the shoreline progressed further towards the 
Karoo Basin bringing the feeding fluvial systems closer to the subbasins. Deltaic systems 
of the Koedoesberg/Waterford Formations built out from the west and southwest and 
filled in the rest of the subbasins.
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CHAPTER EIGHT 
SUMMARY AND CONCLUSIONS
Objectives of Study
The present study has emphasized the interaction between tectonics and 
sedimentation in the southwest Karoo Basin during the late Permian. The Tanqua and 
Laingsburg subbasins had a somewhat different depositional environment and 
experienced a different geologic development from the rest of the large Karoo Basin. 
The main goals of the study were to determine the relationship between the tectonic 
regime of the area, particularly the tectonic events and structures of the Cape Fold Belt, 
and the development and filling of the associated foreland basin, as outlined below.
• What was the influence of the tectonic events and resulting structures of the Cape Fold 
Belt on the formation and filling of the Tanqua and Laingsburg subbasins? Was the 
region tectonically quiescent or active during subbasin formation and filling?
• What was the source area for the sandstones in the Tanqua and Laingsburg subbasins? 
Was it the Cape Fold Belt or was the source area located beyond the Cape Fold Belt? 
What was the sediment path(s)? Did both subbasins have the same source area and 
transport path or did each subbasin have its own source area and transport path?
• What was the configuration of the subbasins during deposition of submarine fan 
systems? Under what water conditions were submarine fans deposited: water depth; 
saline, brackish or fresh water; oxic or anoxic bottom water? Did both subbasins have 
the same configuration and environment or were they different?
• Did the submarine fan systems of the Tanqua and Laingsburg subbasins fill the
153
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subbasins at the same time or at slightly different times? Did active sedimentation 
alternate between the subbasins or did one fill up first and then the other? Is the 
architecture of the fan systems the same for both subbasins or are there differences?
Methods
To explore the possibilities of the answers to the above, a number of methods
were employed.
• Field observations, measurements of stratigraphic sections and detailed sampling were 
conducted in the field area over two field seasons.
• Studies on the paleontological content of the fill of the subbasins yielded very little. 
The subbasins hold virtually no micro- or macrofossils or any material for a 
palynological study. A small number of specimens of trace fossils, exhibiting a low 
diversity, were located in both subbasins.
• Geochemical studies of the fine-grained sequences between the sand-rich packages 
were conducted. Using an ICP-AES, the concentrations of 25 elements were 
measured and evaluated for correlation between the layers of the fill of both subbasins.
• Petrographic studies and microprobe analysis of individual grains of biotite, tourmaline 
and garnet were conducted to investigate the characteristics of the source area of the 
sandstones in the subbasins.
Summary
Combining information from the literature and the field/lab studies of the present
study, the following conclusions can be presented:
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• The subbasins formed and filled during the first two events of the building of the Cape 
Fold Beit at 278 Ma and 258 Ma (Halbich et al. 1983). The transition from the 
Whitehill Fm. to the Collingham Fm. coincides with the 278 Ma event. During this 
time the basin floor high was beginning to influence sedimentation patterns in both 
subbasins with the thinning of the Whitehill and Collingham Formations onto and over 
the anticlinorium area. The 258 Ma tectonic event caused the Cape Fold Belt to 
develop enough to prevent the transport of sediments into the Tanqua and Laingsburg 
subbasins. The event corresponds with the transition from the Skoorsteenberg and 
Laingsburg Formations to the Kookfontein and Fort Brown Formations, respectively.
• Submarine fan deposition in the Tanqua and Laingsburg subbasins occurred between 
the 278 and 258 Ma tectonic events. Subsidence of the subbasins after the 278 Ma 
event led to basin margin instability while weathering of the uplifted orogenic belt was 
occurring. Transportation of the eroded material from the orogenic belt fed the 
formation of submarine fan systems in the Tanqua and Laingsburg subbasins after the 
main episode of tectonic activity associated with the 278 Ma event was complete. The 
258 Ma tectonic event uplifted the Cape Fold Belt to the extent that sedimentation 
pathways into the subbasins were cut off. Further uplift of the orogenic belt brought 
the paleoshoreline and deltaic systems closer to the subbasins until the subbasins were 
completely filled in.
• The source area for the sandstones of the Skoorsteenberg, Vischkuil and Laingsburg 
Formations consists primarily of a high-grade (amphibolite to lower granulite facies) 
metamorphic terrain predominately comprised of metapelites, metapsammites, with
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
156
lesser amounts of metacarbonates. A secondary component of the sandstones in the 
subbasins consisted of a granitoid source. The source area for the sandstones was not 
the Cape Fold Belt.
• The paleocurrent indicators found in the Tanqua and Laingsburg subbasins show the 
influence the Baviaanshoek/Hex River anticlinorium exerted on the sedimentation 
pathways into the two subbasins. It appears that the initial sediment pathway 
(continental and shelf) for both the subbasins was similar, however, the 
paleogeography of southwest Gondwana has not been conclusively set and variations 
of pathways are possible. The fine-grained nature of the sandstones and the evidence 
that the source was outside the Cape Fold Belt indicates a longer transportation 
distance from the source area to the depositional basin than previously assumed.
• Deposition of submarine fan systems in the Tanqua and Laingsburg subbasins took 
place over the same geologic time interval, but active sedimentation most likely did not 
occur simultaneously in both subbasins. Numerous shale breaks between the major 
sandstone packages and inside the packages may indicate switching of active 
sedimentation to the other subbasin.
• The Tanqua subbasin developed into a broader, shallower basin due to less 
compression on the Western Branch of the Cape Fold Belt. The Laingsburg subbasin 
developed into a deeper, narrower basin, more of the typical foredeep style, and 
experienced more tectonic influence due to the greater compression exerted on the 
Southern Branch of the Cape Fold Belt.
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• The subbasins hold essentially identical trace fossil assemblages indicating similar water 
environmental conditions during the deposition of submarine fan systems in the 
subbasins.
• The deposits in the Tanqua and Laingsburg subbasins are very similar in appearance 
and architecture, which is the result of deposition in both subbasins during a tectonic 
quiescence. The most apparent differences in the deposits are due to post-depositional 
processes that affected the subbasins.
Conclusions
• Submarine fm systems associated with an active margin are generally assumed to have 
a coarse-grained nature, while submarine fan systems associated with a passive margin 
are assumed to exhibit a fine-grained nature. The submarine fan systems in the Tanqua 
and Laingsburg subbasins were deposited in a foreland basin setting in relation to the 
subduction of the paleo-Pacific plate under the southern edge of Gondwana, an active 
margin setting. The fan systems, however, consist of fine- to very fine-grained, mud- 
rich sandstones of the style and architecture normally assumed to be associated with a 
passive margin. The regional geologic setting of southwestern Gondwana, with the 
long distance between the subduction zone and it’s foreland basin, created a longer 
transportation distance for the sediments which led to the “passive margin style” of 
deposition of the submarine fan systems in the Tanqua and Laingsburg subbasins. 
Consequently, the distinction of submarine fans being associated either with an active 
or a passive margin as a classification and genetic tool is not accurate. A more 
accurate classification of submarine fans would be in more descriptive terms between
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the end members of coarse-grained, sand-rich systems and fine-grained, mud-rich
systems.
• The deposition of submarine fan systems in the Tanqua and Laingsburg subbasins 
occurred during a tectonic quiescence between major events of the formation of the 
associated fold-thrust belt. The fan systems were not deposited concurrently or 
immediately after a compressional event in the fold-thrust belt and, instead, represent 
the subsequent weathering and erosion of the uplifted orogenic belt a substantial 
distance away.
• The source area of the sandstones in the Tanqua and Laingsburg subbasins consists of 
high-grade metapelites and metapsammites with a smaller granitoid component that 
was in a position to the southwest of the subbasin between 300 to 500 km distant. 
Further paleo-reconstructions for southern Gondwana need to account for this source 
area.
• Small changes in topography of the sea floor nearer the deltaic system could lead to a 
large change in sediment transport paths to depositional basins.
• Determination of the influences on the deposition of the submarine fan systems of the 
Tanqua and Laingsburg subbasins places a framework for the study of the three- 
dimensional architecture of the various depositional environments of the sequences.
• The switching of the paleo-current directions during depostion of the five fans in the 
Tanqua subbasin is most likely related to the minor tectonic activities causing changes 
on the sea floor during non-active transport periods (shale deposition), or a deltaic 
switching in the sediment feeder system, similar as discussed from the Mississippi Fan
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
159
(e.g., Bouma et al. 1985), or from a combination of the two with the degrees of 
influence varying over the life of the subbasin.
• The similarity in the deposits of the Tanqua and Laingsburg subbasins leads to great 
difficulty in extrapolating the data to the subsurface. Outside of post-depositional 
processes, the deposits of the subbasins are too similar to differentiate between the 
broad, open style of the Tanqua subbasin and the narrow, constricted Laingsburg 
subbasin.
• Submarine fan systems were deposited in the Tanqua and Laingsburg subbasins during 
a tectonic quiescence. Even though over the life of the Karoo Basin the Laingsburg 
subbasin experienced greater compression and has a greater tectonic overprint than the 
Laingsburg subbasin, the depositional processes that built the submarine fan systems 
were essentially the same.
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APPENDIX A
Geochemical Data •
Tanqua Subbasin 
Table A-l KRF
Table A-2 SK
Laingsburg Subbasin 
Table A-3 GB
Table A-4 BR
ICP-AES
- Kleine Riet Fontein section (Fig. 3-1)
- Skoorsteenberg section (Fig. 3-1)
- Geelbek section (Fig. 3-2)
- Buffels River section (Fig. 3-2)
Explanation of tables -
Sample h elements
Sample designation position in measured concentration of element
section from base in meters that sample in ppm
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APPENDIX B
Cluster Analysis of ICP - AES Data
Table B-l 
Table B-2
Table B-3
Table B-4
Table B-5 
Table B-6
Table B-7
All elements for all samples
Y to Y correlation matrix of the elements for all the samples
Positive values - converse relationship 
Negative values - inverse relationship 
Using the Y to Y correlation matrix for all samples on the values 
of individual elements, the element that exhibited the least range 
was discarded between elements that had .99 to .90 correlation 
coefficient.
Using the Y to Y correlation matrix for all samples on the values 
of individual elements, the element that exhibited the least range 
was discarded between elements that had and .89 to .80. 
correlation coefficient.
All elements for all samples excluding the ash beds
Y to Y correlation matrix of the elements for all the samples 
excluding the ash bed samples
Positive values - converse relationship 
Negative values - inverse relationship 
Using the Y to Y correlation matrix for all samples, excluding the 
ash beds, on the values of individual elements, the element that 
exhibited the least range was discarded between elements that had
177
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Table B-8
Table B-9 
Table B-10
178
.99 to .90 correlation coefficient.
Using the Y to Y correlation matrix for all samples, excluding the 
ash beds, on the values of individual elements, the element that 
exhibited the least range was discarded between elements that had 
and .89 to .80. correlation coefficient.
All elements for the ash bed samples only
Y to Y correlation matrix of the elements for the ash bed samples
only
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Table B-l.
GB-4S-I (LV) 
G8W M (A) 
0*45-26 p/2) 
9045-35 (94) 
0 * 4 5 -t (T) 
4R-4S-139 (CO) 
SX454S (4*>
9045-3 (T«) 
0*45-76 (213)
08-45-21 (LV) 
G846-41 (A) 
8R-4S-33 (A)
BR-4S-71 (Aft) 
0*45-135 (2(3) 
SK-46-17 (Ta)
9046-71 (4)
08-4644 (RA/)a*
9045-1 (Ts)atf» 
0*65-100 (2f3) 
G M M  (WV)afi
9046-i (T»\m* 
0*46-47 (2) 
0R-46-116 (BO 
00-45-75 (UV) VMS'122 (BOW»4MI (1/2) 
0 * 4 5 4 1  (1/2) 
IW M H tl (94)
11 (UV)(»B>
- -  - (A)
0*6 M lA  (93) 
0 * 4 6 4  m  
0*46-13 (T)
10 * 45-136 am
9046-37 (94)
0046-26
0845-72
0046-14 
BR45-70 
0*45-117 (213) 
81045-151 (CO) 
0*45-213 (94) 
IM M  (A) 
SMS>1|  (Ta) 
QMS'? (LV) 
0846 41 (RAO 
KMMS-2B3 (94) 
0*45-212 (94) 
9045-16 (A)
8*46-74 (AO 
G866 32 (RAO
SK4647 (4)
. 045-142 (CO) 
0 * 4 8 2 7  (V2) 
GB46-S4 (RW) 
GB-9546 (A)
8A-55-12S (BO 
9C46-S4 (94)
0 * 4875  (93)
“  . (A)
904847 (4*)
904544 (4) 
9045-44 (94)
<3646-24 *N)«A
KRNM I (93|A9» 
(MV)
_ (BO
0*48143 (94) 
19046-153 («S) 
0*46-72 (2) 
<9046-152 (48)
046-100 (BO 
. .>111 (9 0
KRMOBI (4)
9045-147 (CO)
9046-133 («S)
0*49144 (94) 
9546-112 (4(5)
(UV)
(*4)
 -74 (UV)
0 * 4 6 -1 4  <n
•-V)
 (A)
8*48106 (9 0  
0*46-121 (93)
“  >14 (LV)
_ __-2 (Ti)aH 
9046-34 (94) a«
0*45-101 (93) 
0*46-124 (93)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Ta
ble
 B
-2
.
180
^ (O ^ O (P (0 CM tf) ^ QO 001Q)«*OS(OV v ^ V lA ia ia
n § S S 3 S n S S ('<S lS ^ O>« ,OOO0^ ,O9NW  2 2 2 S J S S ® 2 r s ? 9 * n ^ ^ n # « » N « t o  oi n  o  o  o  cii ctf n  n  o  o  o  ^  co «* o  n  ^  o  o i ^  n  v  ^© 0 ©  O O © © © o  o  •» © o  o  © o  © o  o  © o  © o  o  o
lUjUlQbMDtOOClOO^AONWtt^BYOMnn• S 2 S 2 m S 2 S S S N 0 5i P! 2l0® " B ® l,1* N ® N(8XfcJ^22?£e', 2CSirzr2fc#0^ ev,^ ~ f,*^'^*ft«>®n o ( y i j t ! y ' - - i s o n i i B n « » , - » n i n o * S N
o o o o o o o o © —' © o' o' o ©' o' o' o' o' ©' o o' o' o' o'
jN^cnawingo
■ j- . - - WoGVoB^ui f i^a  _ _ _np^inNOBI^OIDBipNBI^^pO.WOPNNj
— n o _ . in ip in _8n o  o n m q—  i n  — --------
o' d o o o o o o  —
g o o
y a s O M n o S  ooioniM M oo 
o o o o d o o o d o d o o d o o
.TJ8S2£aS2®2n 9 2 2 B ' i ^ « ® 1
r t § S 8 t n o C', 2 ® c', £ ’_ a>® ” ”B N N 6 # 0 * 8 i - » N N ( l | N i . a O i0 0 0 0 0 0 0 - 0 0 0 0 0 0 0 0 0
a o a cv o <o o jN H in o o n ir OAinovio a — o o ^ t ^ ^ o o  
o o’ o © o o o o
o •£> o o a o
q c d i o  — ~  - -  - - a a n n i a N N T i a « n 0 o B N ( M N A2 2 S S S 8 (,S # ? T 9 ei^ i>,s s t » < |i ,‘ « o «  -  -  O O O  O  ^  ( M  > -  CM -  i S  o i  ^  ^  O  S  O  O  O  O  N  m  3
o o o o o o  — o o o o c i o o o o o o o o o o o o o '
v !?!zr9l 2 S ^ nin9 S s ooiaavoo>*naiaiaieo° o S 2 E ? « 2 2 ! 2 £ 2 2 2 ^ 2 2 ® <'*c', ®’*c', ^-nc'<w2 2 2 S 2 2 S S t ® J « N o o * ' n n < ' i B B B A N > -r r r ^ ^ o o o o B i o ^ w v ^ - s e i w i o o n - ^ no o o o o N N e n ^ r— o o o o' o' d o d o  o o o d o d d d d d
« — *-'OMgviuc\jc\jr'~in»r.-c\ic*5 — m — in—CMinaoajo 
O A A I H A O C D C U i n i O —  A t f l ' r v A C O l O  —  V A A C M A A  —  S u,M : 9 P S ' ol|Dv ^ociiaMeNc«g«Nigis n ' S n O N O V N T N t v a N V O ' S o N r V N ' *  
© o’ o o' — o' o' o' o' o' o' o' o d o' o' o' o' o' o' o' o o' o' o'
• 2£ £ £ 2 2 ®.® oiONOionaxfNiONinoioMnNOi ■ n J 2 8 ? E : 2 r ! 2 ^ 5 5 9 ® Q ! B ® Q O o e ! ( v o n c M  S f c S S f c 2 5 S 5 z S ? J t ® 5 ' - 0 | o * e o i o * s i  o o n o n T O o i n A O i a n n o ^ N n n v i o ^ M o <o o o — o’ o" o o o o’ o o o o o o o o o o o o o o o
io — o ^ a a
0 - 0 0 0 0 0 0 0 0 0 0 0
« « » f  N invosonnie ieO — (O o a cm n o n
o © © © © o o o' o' o' d
BP 2 S 2 ^ ® 5 ° ' ' S ' ‘nwN*piAM;MlinONNBB«OtinCll)0'N(llA I*; — — — NON«iflOOM$OS<- l
M- O — CO — — O A_  - A — HNS ASMSn< n.gMM®einonnAOiflNNNOON(onNCico>' 'nO js in inonov iD N ^- ic inN ntn iO B ica io  a p o o — — — cmooacwocu — — — — — © — op — cm 
© — o' o’ © o o' o' o' © o' o" d d d d d o d o d d d o d
ANfiSIN A M A CO —
<0co f
»n»^ninuisoio«>-ain»io>-Nin»inoinn N A n a N a M ' - N N T N n T A w a A A ^ i a n i e  inn-s iONnoion»n' rOBNO»<o*noiDin 
A  —  O A  —  C M A A A A t S O C M ^ C M  —  a a o c m c m a ^ a  
— o' o' o' o' o' o' o' o' o' o' o' d o d o' d o d o d o o' o o'
Oo > <<BBOUUOUIL A  c o « _ & a — ~ eZ S Z Z 2 a.a.«)0Mh>N
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(ta
ble
 
co
n’
d.
)
181
^nMeoooQOeniAM(OQO)iAia<vnooe)OMMe«*(OM**ACM^7Ntt(onnN6aDNeii(oa3e)(0OlAOCV6)(8»(0tO0OlO«ifln7eACMKU)U)^O
n c M « ^ ^ n © p o c u ^  -  c ©  ©  c m  —  o c d c m c m c m ^ c m c m  
o o' o' o' o' o' o’ o' o’ o’ o’ o' o* o’ o’ o’ o’ o’ ' ’ “
CM CM O
o’© o’ d ©o’
%O6nnOlOMO8NOOON0NVOD^O^NO(OO^«opocinNOBNNcyowcBOvifl -n^cyoo«coooiowcjw<onin®iflo-NCDNCJO®owp*-^nowr^v^CM^ -p^ocnrwcM^ CM^ oo r^cMfcOCMOf^cM
o’ o' o' o' o' o’ o' o’ o' o’ o’ o' o o' o’ o’ o' o' o' o' ©’©’•-© o'
— mp^e'jr-coinh-CMvco^i-'CO^inincocD^^® h - W N W W N O O O C D a j N ^ ^ l O J O ^ S N V ®  najwo^n^vcM^NfOo^woinvnv© w q - ^ ^ « « ^ c v o ^ o w o o o n w ^ ^ o  
o’ o' o' o' o’ o' o' o' o' o' o' o’ o' o' o' o' o' o o’ o' o' ^ o
>• V  o  o  «  w  0) n n © COeaeu^«>Me^flO(OKAlA^Oa9^AO_ M O ) M C D A ^ < O ( 0 O ) ( O N N ( D S N ^ f l ) Q ( S ^ l O a7inMOCDnNI0OT^CN((OVOIMAn^MOttO^lflcg^MflNnovniootiomtDoionNs^oOioncj
o’ o' o' o’ o’ o' o' o' o' o' o’ © o' o’ o' o' o' o’ o' o' ^ o' o' o o’
©o®o«»©o®o®^rin05©©CM©©©   o n T W f i o o ^ i f l i f l n o n o ^ wM  0 5  ®  CM _   _  _  _ .  .
w e c v ^ v 7 i A t u ) 8 s n o ) C D n s ^ o ( D o i  OOO^TOOO^-OWOCMO^^^IO^O
o’ © o’ o' o' o' o' o' o' o' o' o’ o' o' o' o’ o' o' o' «- O Q o
^ ^ ® ^ ©05 ^ CO •» <0 CV V  B  N  N  
CM ^  CM
©  ©  ©  ©
© o e w 0 5 CM i n © © m CD «
©  o r -* t o e n o 0 5 5 © CM
^  0 5 © o o 5 co h - CO 0  CM © O 0 5 CMm r w CM o o  o CD CM
o ' o ' o ' o ' ©  ©  © o  o ~  o  o o’ o ' o ' o '
•^ (^O^ CV^ COOOO^ flO^ CDlABBCMCOOBnncOOCVCM A.VQCVn^(Vn<O(O^OlflO$Q(0CMO0)^MMflBN ^o n B O c v n s g c u v n B n o B C M ^ o B B B ^ o ^ o  O  • -  CM n  ^  c v  n  o  o  n  o  o  o  ^  ^  ^  O  ^  CM B  O  o  B
o ' o  o ' o  o ' o ' 0 0 0 0 0 0 0 0 0 0 0 ^ 0 0  o ' o  o ' o o
ftOCVBBB^VBWOn
vowbbcvb^ k b o bSSB^ffl^BnO'“- OT 
^ ^ • o c M o r ^ o o  _ 
o' o' o' o' o' o' o’ o'
05  0 ) CD 
B  N  O  CMCM^OnOBOQ^KOBnNOO^OO^-CVCVOO^OBnBO*-
o' o’ o’ o o o o' o' ^ o o' o o’ o o o
( O C V B N B ^ B  I A  CMOBS^^VB 
COo
©r*»CM^~05in©c>^ ® BNrtBBAnO^BB nnnoocvocvBBMOirnBaocvBnnBBBOB
B B B O C M ^ S n ^ ^ N - ^ - V B O O O C V O ^ N O i O r      A -  —  —CM^O^CO^^O^^^CM
o' o' o' o' o' o’ o' o’ o’ o' o' o’ o’ o' ^ o' o' o' o' o' o' o' o' o'
aBA«*vnBWVNOCDBNOnOlfl(*)nBB(ON9)?^CV^nnOBVO>l AO( OB0) QO) OO) **OSBCO( 0NfcOB^O)BO^BBBB^MO)QO)BBBNCVO)NBBv ^ n o c M * * ^ ^ » C M B V ^ o o ^ C M ^ c v ^ o o c y r t c v
o' o' o' o' o' o' o' o' o' d o' o' o' o' ^ o' o’ o' o' o o' o’ o' o' o'
eftB^BCMOCMNOn^NCM *nN ^B ^5V B *“BO)B© 
2 ^ « - O N C M O  M 6 0 M A ( V  N  CVCMOrtB^ WNCVW^ VV
o' o' o' o' o' o' d o' o' o' o' o’ o’
QBBKBBnN^CMCM n 
Q O t t O O P J O  t l ^ C V B  o  o «  C M n s * * o o  v  ^  n
~ o' o' o’ o' o' o’ o' o' o’ o’ o’
c^sifl n ^ o  wifl**® o> o
n^w o > N O «w opo  
O O  ^ © ^ C M I O C M C M W © ©
o' o’ o' o' © o' o' o' o' o' o' o'
B O O )  V B O ^ B351 ■ - “ ---------q  cv s  n  _ _QOBr)(OOBBB^(OBn ONCM^nnooBifioie v 
o n  p > n ^ O B O B C M ( M  O  ( O
W o' o' o' o' o' d o o o  o' o' o*
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
182
Table B-3. CC lu » t« fln g  M ln o r y l  
f p a n d o g ramJ
G8 4 6 -T (LV)GMM (A) 
KHP*t5*» (UJ) 
SX 4S« 04) 
0R«tS»79 fM) 
BR-9S-T22 (BO 
>CBF*t5»3* (W2) 
PCRF-45-t3S (2n) 
M S»t7 (T«» 
M S»71 (4)
G8  4S4t (UV) 
BR4540 (AS)
KRMMI (V3) 
*PF45»tt1 (3/4) 
G M H t (A) 
BW-fS-33 (A) 
5K*9S*J7
M S 4
BP^S>19 
BR-tS-70 
KRF4S»117 Cm 
BR-tS-37 (A) 
KRMK (T)
KppAMtA am  
KRF4S-13 (T) 
KRM >tas am
WMS-47 (2) 
BR>t£*tf6 (BO 
08-46-75 (UV) 
M M  (4) 
'SK-AS-44 pM)
BP-tS-tt# (C/D) 
M S 4 S  (4/5) 
M M  (Ta) 
KRF4S-70 (2m 
GB-«S»21 (LV) 
BfUS-151 (C/D) 
KRMS-21J p/4)
oa t e n  (wv)
G&46-7 (LV) 
GB-95-72 (UV) 
BR-46-26 (A)
SK-96-16 (Ta) 
W « l(  (A) 
BR-t5-74 (Aft)
G M 4B  (UV) 
M M  04) 
M M  (LV) 
GB46-78 (UV)
m s > u  (T) 
BfttM O (A) 
BP-*5-106 (8 0  
08*6-32 (WV) 
BR-46-142 (OO)
KM S-27 (10) 
(WV)  «
BR-4S-12S (BO
SX «S4 04)
kbp*5-7» am  w
SK-46-47 (415)
KRF4S-20O 04) 
KRMM12 04) 
f4) 
**)■ » krmhi am
ioo am « fr 
<T«a*
•152 (4/5)(•O
 J l 04)
M $>153 (4/5) 
•100 (BO 
_ ..•111 (BO
KDMS-29 (4) 
8*45-147 (00) 
SK4S-133 (4/5)
KBM5-154 04) 
SK-05-112 (40)
KM§>i2i am
0*45-14 (LV)-----  (Tl)4tfl
M 6-90  04 )4*
krmmoi am 
KM5*i24 am
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Clustering History
Otndogrsm
(LV) 
G M SS (A) 
K8845-2S (14)
sit9s>as p/4}
KAF46*t (T) 
684541 (A)
8845-33 (A) 
SK45-37 (¥41
6845*79 (AS) 
084S-T22 (BO 
KR£45*39 (14) 
KB£45*13S (24) 
SK46-17 (Ta) 
SK46*7l (4)
684641 (UV) 
884640 (AO 
K8F4S*34 (t/2)
K8845*19t (3(4) 
GB4826 (MV) 
684646 (UV) 
8846*19 (A)
SK4S-54 0 /4}
8846*125 (6 0  
8845-70 (AO 
K8F45417 (24) 
K8F-9541A (24) 
9C454 (Ta) 
SK4S4« (V4) 
884637 (A)
KRF45-136 (24) SIMM (T) 
KRF4613 (T) 
K8F4647 (2)
8845-116 (BO 
GB4679 (W)
SK4U9 (4) 
8846139 (OO) 
SK463 (Ta) 
5K4MS (44) 
K8P45-7* (24) 
GB4621 (LV) 
G84646 (UV) 
5K45-53 0M)
6845-78 (UV) 
889540 (A)
K869614 (T)
8846-106 (BO 
8846151 (OO) 
K8F4S-213 (3(4) 
68467 0-V) 
684641 (KAO 
6845*72 (UV)
(A)
(A)
(Ta)
(A)
(Afi) 
(MV)W
K8 £46203 <3M) 
KR£*96212 (V4) 
68454* (MV) 
684646 (A)
KR£4679 (24) 
8846142 (OO) 
K8P4627 (14) 
884640 (A)
SK4647 (44)
6846*24 #A04*
SK4616
884616
BR45*74
-  -  04)
GB463* AffV)flh 
K8F461QD (24| 
(Ta)l
SK464 (Ta)M
K8£46121 (24) 
G84S*14 (LV) 
9C462 (Ta)a*
KR£461«3 (3T4) 
SK461S3 (44)
KRF46-72 (2) 
K461S2 (44)
8045*100 (BO 
8846*111 (BO 
KA£46229 (4) 
8846*147 (OO) 
SK46133 (44)
68464 (LV) 
KAF4616* 0(4) 
SK46112 (44)
K8S46101 (24) MA 
K8S46124 (24)
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Table B-5. fciu«tSf?n^ Ht«tor  ^
Iptndoqrsm ]
G84S-1 (LV) 
KRF-95-135 (20) 
K8MMI (172} 
KRMS-34 (172) 
KRF45-I9V (3/4) 
KBMS-2S (172) 
SK-9S-3S 04) 
SM5-3 (Tt) 
G84S4S (A) 
SMS-17 (fa) 
SMS-7t (4) 
SMS-95 (40) 
tCRMS-t (T) 
GB-9S-21 (LV) 
GB4S41 (A) 
BA-9S-D (A) 
BR-9S-79 (A/B) 
08-9S-122 (6 0  
KRF-9S-47 (2) 
BR-95-tlS (BO 
GB-4S-79 (UV) 
8R-9S-1S1 (CD) 
G8-9S-4t (MV) 
BM6-1S (A) 
Sft-95-74 (A/6)
G84S-7 (LV) 
GM6-26 (Iff) 
GB-9541 (UV) 
BR-9S-t2S (BO 
KRF45-27 (1/2) 
BR-4S-142 (OO) 
KRMS-213 (3/4) 
KAMS-212 (3/4) 
6MS4B (A) 
SMS-16 (Tt) 
KRF4S4B3 04) 
GB4844 (MV)
KAMS-79
•MS-70_ (A*)-»
jKftMS-117 (2/3)-*
•KIIMH1A
SMS-1S3 (40) 
KRM5-1930/4)
MHS-1® (BO 
SMS-1S2 (40) 
KflMS-72 (2) KBMfrTB (20) 
SM S-m (BO
KBMS-1S4 (3/4) 
SMS-112 (4/5)
0B4S-14 S.V) 
■MS-139 (CO 
SX4M3 (»4) 
BM6-147 (GO 
SMS-131 (40)
G84S46 (UV) 
KR MS-229 (4) 
G84S-79 (UV) 
KRMS-14 (T) 
<3MM (LV) 
BMS40 (A) 
BMS-10S (BO
iEb
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Table B-7.
ptndogrim ]
G8-flS-t (LV) KRF4S-t3S (20) — 
3M *tT  (T*| —  
KRF4S49 (V» — * 
KRF45»9A ( V7 ) - i j  KRfMS>1«1 (*4)-J 
Q M H I (A)
SK-4S-71 (4)
KRF4SI (T) 
KRF4*26 (V2) 
SK'45-35 04)
SK«fl6'3 (T»)
Q84*2t (LV) 
6M M 1 (A)
8R4943 (A)
8R*4*79 (Afl) 
BB-45-122 <80 
KflM*47 (2) 
0R **n6 (BO 
GB45-79
flR4S»l9 
SK«S«
MUS7Q „ RRM-V17 (20) 
BC4S4 (Ti) M s r  
KR M M ti
WMt'tSI (CO)
*74 (AO
  BV)
0 0 4 * 9  (MV) 
004*41 (UV) 
BR4*12S (BO 
KRF4*27 OO 
804*142 (CO 
(MV) 
(4) 
(A) 
(A)
KAF^S-203 pM) 
K*F4*79 (20)
G84**4 (MV)
£
8*4*42 (BO 
SK4*1S3 (40)
KRP.4S-143Q/4) 
KRF4*22» (4) 
8*4*147 (CO) 
SK4*133 (415)
0R4*1QO (BO 
SK4*1S2 (415)
6*4*111 (BO 
KRF4*104 PM) 
•SK4*112 (415)
K*F4*72 Q) 
GB4*14 (LV) 
6(14*196 (CO) 
5*4*53 PM) 
S*4*16 (ft) 
KRMS419 (3M) —* 
K*F4*212 PM)—J 
SK4S4S (40) 
K*F4*76 09) 
G04*79 (UV) 
GB4646 (UV) 
KRF4*|4 (T) 
004*2 (LV) 
6*4*60 (A) 
8*4*106 (CO
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Table B-8.
(o w J o g r im l
m — {201 1 - '
KRF-A5-M (V21 i
KHM5^* { V a - r h
KR^A5»ltt 0 * 4 )-* ^  
K A F O S 'JB  f l O l  —  
SK-ftSOS 
SK «3
(3M)(*|W(r»>(41m
(LV)
9C4S>t? 
9C4S»7T 
«RMS»tG0OB21  _8fUS>>22 (BO 
8R-AS-151 (OO) 
8*45-79 (AS) 
G84S-A! (A)
BR-AS-33 (A) 3 -
--------------(A) —
8R-A5-106 (®C) —  
B*A5-tt» (CD) —  
0R-A5-147 {OD}— \_  
SK-AS-tD (40)—J "
SK-A5-AS (40) —  
PCRF-A5-213 Qt4) —i  
KA*A5-212 OWI - J "  
BR-A6-2B (A) —
SK-AS-O 
9C4S-16 
G845-54
PW) —J.
(TW 
(MV) - 
(AS) -
  (A) -
SX-AS-47 (40)- 
GB46-M (A) -
KAMS-203 (V4)- 
8*45-74 (AS) -
PCRMS-47 (2) -
8*45-115 (BO*
j :
3=>
(UV) 
IV) -w -
G0-4MI (UV) -  
KBF-45-27 (1/2)-
G84S-41 (MV) -  
BR-AS-142 (OD)- 
G845-32 (MV) -
SK4547 (4) -
8*45-125 (SO - 
KRF4S-71 (20) -  
(UV) -  
<T> -  
P « ) -5K-A5-37
GB-45-72
5*45-19
SK«S4
(UV) (T») -
(A) -
(A) 1
(A) J
«*4)- 
(A) -
BR-AS-70 (AS) -  
KAF-45-117 (20)- 
KRfAMU (2 0 )- 
KRF-46-13 (T) -
KA*AS-t3i (20)- 
SK-AS-SA (4) -
SK4M4 (3H |- 
(MV) -
(SO  -
SK-4S-1S3 (40) -  
KIIAI9*ta iM ) -  
GM505 (UV) -
«ft*45>224 (4) -  
SK-45-1S2 (40)-
KAF4S-72 (2) -
8*45-100 (B O - 
BR-45-111 (B O - 
KRF4S-144 (3M)- 
SK-45-112 (40)-
(CAF-45-7S (20) -
GAA6-7I (UV) -
KRMH4 (T) -
0*4*2 OLV) -  
0B »14  (LV) -
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Table B-9.
Hierarchical Clustering, Method = Ward
p S S B B B B a B B B S B B
[C lu s te r in g  H is to ry  ]
[P e n d o g ra m  )
KRF-95-96
GB-95-24
KRF-95-100
GB-95-34
SK-95-1
GB-95-42
SK-95-4
KRF-95-121
SK-95-2
SK-95-38
KRF-95-124
KRF-95-101
(2/3)
(MV)
(2/3)
(MV)
(Ts)
(MV)
(Ts)
(2/3)
(Ts)
(3/4)
(2/3)
(2/3)
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Table B -Il.
Hierarchical Clustering, Method = Ward 
^ l u s t e r i n g ^ ^ J l i s t o r ^
[Dendogram
KRF-95-96 (2/3)
GB-95-24 (MV)
KRF-95-100 (2/3)
•GB-95-34 (MV)
SK-95-1 (Ts)
GB-95-42 (MV)
SK-95-4 (Ts)
KRF-95-121 (2/3)
SK-95-2 (Ts)
SK-95-38 (3/4)
KRF-95-124 (2/3)
KRF-95-101 (2/3)
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Table B-12.
Hierarchical Clustering, Method = Ward
[C lu s te r in g  H is to ry
[P e n d o g ra m  ]
KRF-95-96
GB-95-24
KRF-95-100
GB-95-34
GB-95-42
SK-95-4
KRF-95-121
SK-95-2
SK-95-38
SK-95-1
KRF-95-124
KRF-95-101
I
(2/3)
(MV)
(2/3)
(MV)
(MV)
(T s )
(2/3)
(Ts)
(3/4)
(TS)
(2/3)
(2/3)
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APPENDIX C
Thin Section Descriptions 
KRF-95-22
Sample is from the Kleine Riet Fontein section from Fan 1 in the Skoorsteenberg 
Formation in the Tanqua subbasin.
•very fine-grained (125 to 62 p)
•sub angular to rounded 
•very limited mud matrix 
•compositional components
- quartz - secondary - sphene
- feldspar calcite - tourmaline
- biotite - chert - garnet
- muscovite - zircon
KRF-95-71
Sample is from the Kleine Riet Fontein section from Fan 2 in the Skoorsteenberg 
Formation in the Tanqua subbasin.
•fine-grained 
•sub-angular to rounded 
•minimal mud matrix 
•compositional components
- quartz - secondary - sphene
- feldspar calcite - tourmaline
- biotite - chert - garnet
- muscovite - zircon
KRF-95-171
Sample is from the Kleine Riet Fontein section from Fan 3 in the Skoorsteenberg 
Formation in the Tanqua subbasin.
•very fine-grained (to 62 to <62 p ) •sub-angular to sub-rounded
•grain orientation with bedding
•thin mud layers
•moderate mud matrix
•compositional components
- quartz * secondary - zircon
- feldspar calcite - sphene
- biotite - chert - tourmaline
- muscovite - garnet
194
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SK-95-167
Sample is from the Skoorsteenberg section from Fan 5 in the Skoorsteenberg Formation 
in the Tanqua asubbasin.
•very fine-grained (88 to 62 p)
•sub-angular to sub-rounded 
•calcite vein/matrix 
•moderate mud matrix 
•compositional components
- quartz - secondary
- feldspar calcite
- biotite - chert
- muscovite - zircon
- sphene 
- tourmaline 
-garnet
GB-95-55
Sample is from the Geelbek section from the Vischkuil Formation in the Laingsburg 
subbasin.
•very fine grained (88 to 62p)
•sub-rounded to rounded 
•mud layers with mud matrix 
•slight grain orientation with bedding 
•compositional components
- quartz calcite - chlorite
- feldspar - chert - garnet
- biotite - zircon - rock
- muscovite - sphene fragments (?)
- secondary - tourmaline
GB-95-87
Sample is from the Geelbek section from Fan A in the Laingsburg Formation in the 
Laingsburg subbasin.
•very fined-grained (88to 62p)
•sub-angular to rounded 
•slight mud matrix 
•compositional components
- quartz calcite - garnet
- feldspar - chert - rock
- biotite - zircon fragments
- muscovite - sphene
- secondary - tourmaline
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BR-95-1
Sample is from the Buffels River section from Fan A in the Laingsburg Formation in the
Laingsburg subbasin.
•fine-grained (250 to a 177jx)
•sub-angular to sub-rounded 
•compositional components
- quartz - secondary - tourmaline
- feldspar calcite - epidote
- biotite - chert - chlorite
- muscovite - zircon - rutile
BR-95-91
Sample is from the Buffels River section from Fan A in the Laingsburg Formation in the
Laingsburg subbasin
•very fine-grained 1125-88p.
•sub-angular to rounded 
•some mud matrix 
•compositional components
- quartz - chert - chlorite
- feldspar/ - zircon - garnet
perthitic feldspar - sphene - rutile (?)
- biotite - tourmaline
- muscovite - epidote
BR-95-I44
Sample is from the Buffels River section from Fan A in the Laingsburg Formation in the
Laingsburg subbasin
•fine-grained (177 to 88(i)
•sub-angular to sub-rounded 
•slight mud matrix 
•compositional components
- quartz - secondary - sphene
- feldspar calcite • tourmaline
- biotite - chert - garnet
- muscovite - zircon
BR-95-58
Sample is from the Buffels River section from Fan A in the Laingsburg Formation in the
Laingsburg subbasin
•fine-grained (177-125p)
•sub-angular to sub-rounded 
•compositional components
- quartz - secondary - sphene
- feldspar calcite - tourmaline
- biotite - chert - garnet
- muscovite - zircon
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
197
KRF-95-221
Sample is from the Kleine Riet Fomein section from Fan 4 in the Skoorsteenberg 
Formation in the Tanqua asubbasin.
•very fine-grained (125 to 62 p.)
•sub-angular to rounded 
•minimal mud matrix 
•compositional components
- quartz - secondary - sphene
- feldspar calcite - tourmaline
- biotite - chert - garnet
- muscovite - zircon
SK-95-32
Sample is from the Skoorsteenberg section from Fan 3 in the Skoorsteenberg Formation 
in the Tanqua asubbasin.
•fine-grained (125 to 62p)
•sub-angular to sub-rounded 
•slight grain orientation with bedding 
•minimal mud matrix
•compositional components
- quartz
- feldspar
- biotite
- muscovite
- secondary 
calcite
- chert
zircon
- tourmaline
- garnet
- rock
fragments (?)
SK-95-64
Sample is from the Skoorsteenberg section from Fan 4 in the Tanqua subbasin from the 
Skoorsteenberg section.
•very fine-grained (177 to 62p)
•sub-angular to sub-rounded 
•moderate mud matrix 
•compositional components
- quartz calcite - epidote
- feldspar - chert - chlorite
- biotite - zircon - garnet
- muscovite - sphene
- secondary - tourmaline
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APPENDIX D
Microprobe Data
A) Biotites
Table D-l - Oxide percent of measured elements 
Table D-2 - Renormalized data
B) Tourmalines
Table D-3 - Oxide percent of measured elements 
Table D-4 - Renormalized data
C) Garnets
Table D-5 - Oxide percent of measured elements 
Table D-6 - Renormalized data
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Table D-2
Sample name KRF-95- KRF-95- KRF-95- KRF-95- KRF-95- KRF-95-
221 221 221 221 221 221
Analysis pt 5 6 7 8 9 10
Remark Bla Bla Bib Bib B2 B3
Si02 30.80 30.97 30.05 29.44 29.91 30.53
Ti02 1.04 1.27 0.68 0.81 2.63 1.16
A1203 18.58 16.75 16.75 17.06 15.42 16.47
Cr203 0.00 0.00 0.00 0.00 0.00 0.12
FeO 30.66 31.47 34.47 34.98 33.17 32.63
MnO 0.41 0.32 0.47 0.42 0.44 0.45
MgO 11.25 10.83 11.28 11.31 11.07 11.09
CaO 0.52 0.40 0.20 0.16 0.46 0.35
Na20 0.11 0.13 0.10 0.10 0.11 0.10
K20 0.60 0.99 0.00 0.11 0.28 0.48
Total 93.% 93.13 93.99 94.39 93.48 93.38
—Atomic proportions on the basis of 22 oxygens—
Si 4.847 4.959 4.823 4.725 4.823 4.901
Ti 0.123 0.153 0.082 0.098 0.319 0.140
Al(iv) 3.153 3.041 3.168 3.227 2.931 3.099
Al(vi) 0.292 0.121 0.000 0.000 0.000 0.017
Cr 0.000 0.000 0.000 0.000 0.000 0.015
Fe2+ 4.035 4.215 4.627 4.695 4.473 4.381
Mn2+ 0.055 0.044 0.063 0.056 0.060 0.061
Mg 2.639 2.585 2.699 2.706 2.661 2.654
Oct total 7.143 7.118 7.470 7.556 7.513 7.269
Ca 0.088 0.068 0.034 0.028 0.079 0.060
Na 0.033 0.040 0.031 0.031 0.035 0.030
K 0.120 0.202 0.000 0.023 0.057 0.099
Aik total 0.241 0.311 0.065 0.082 0.171 0.189
Mg/Fe(tot) 0.654 0.613 0.583 0.576 0.595 0.606
Mg/Mg+Fe(tot) 0.395 0.380 0.368 0.366 0.373 0.377
Al/Oct site 0.049 0.020 0.000 0.000 0.000 0.003
Ti/Octsite 0.020 0.026 0.014 0.016 0.053 0.023
Cation charge 44.000 44.000 44.000 44.000 44.000 44.000
(table con'd)
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Sample name KRF-95- KRF-95- KRF-95- KRF-95- KRF-95- GB-95-87
221 22 22 22 22
Analysis pt 11 12 13 14 15 16
Remark B4 B1 B2 B4 B5 B2
Si02 29.21 30.38 33.06 33.71 29.59 31.24
Ti02 2.14 2.51 1.02 2.21 2.95 1.58
A1203 18.30 14.96 17.63 17.54 18.36 15.41
Cr203 0.01 0.00 0.00 0.03 0.08 0.07
FeO 29.16 32.19 27.83 25.85 28.71 27.51
MnO 0.51 0.37 0.34 0.45 0.62 0.31
MgO 14.29 10.57 11.15 11.08 10.93 13.53
CaO 0.13 0.85 0.59 0.53 0.26 1.57
Na20 0.02 0.32 0.16 0.10 0.07 0.21
K20 0.29 0.79 1.37 2.83 0.91 0.44
Total 94.05 92.95 93.15 94.33 92.48 91.88
—Atomic proportions on the basis of 22 oxygens—
Si 4.575 4.925 5.170 5.195 4.720 4.988
Ti 0.252 0.306 0.120 0.256 0.353 0.189
Al(iv) 3.378 2.858 2.830 2.805 3.280 2.900
Al(vi) 0.000 0.000 0.420 0.380 0.171 0.000
Cr 0.001 0.000 0.000 0.003 0.010 0.009
Fe2+ 3.820 4.364 3.640 3.331 3.830 3.673
Mn2+ 0.068 0.051 0.045 0.059 0.084 0.041
Mg 3.337 2.554 2.600 2.545 2.599 3.220
Oct total 7.477 7.276 6.825 6.575 7.048 7.134
Ca 0.021 0.148 0.099 0.087 0.045 0.269
Na 0.006 0.102 0.048 0.030 0.020 0.066
K. 0.059 0.163 0.273 0.556 0.185 0.090
Aik total 0.086 0.413 0.420 0.674 0.251 0.426
Mg/Fe(tot) 0.874 0.585 0.714 0.764 0.679 0.877
Mg/Mg+Fe(tot) 0.466 0.369 0.417 0.433 0.404 0.467
Al/Oct site 0.000 0.000 0.070 0.063 0.029 0.000
Ti/Oct site 0.042 0.051 0.020 0.043 0.059 0.032
Cation charge 44.000 44.000 44.000 44.000 44.000 44.000
(table con’d)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
203
Sample name GB-95-87 GB-95-87 GB-95-87 SK-95- SK-95- GB-95-55
162 162
Analysis pt 17 18 19 20 21 25
Remark B1 B3 B4 B3 B1 B5
Si02 32.96 26.73 30.59 28.89 27.82 29.54
Ti02 1.24 0.75 1.62 0.00 0.08 3.18
A1203 19.65 17.70 17.35 16.63 21.33 18.08
Cr203 0.01 0.03 0.06 0.00 0.03 0.09
FeO 28.89 36.86 32.39 37.10 34.49 30.44
MnO 0.57 0.46 0.39 0.38 0.65 0.47
MgO 9.06 9.86 9.95 9.51 7.96 10.95
CaO 0.27 0.24 0.36 0.16 0.15 0.08
Na20 0.09 0.09 0.11 0.18 0.11 0.11
K20 1.09 0.08 0.16 0.38 0.04 0.75
Total 93.82 92.79 92.99 93.23 92.65 93.70
-Atomic proportions on the basis of 22 oxygens—
Si 5.116 4.448 4.905 4.768 4.532 4.682
Ti 0.144 0.093 0.1% 0.000 0.010 0.379
Al(iv) 2.884 3.471 3.095 3.232 3.468 3.318
Al(vi) 0.710 0.000 0.183 0.003 0.627 0.060
Cr 0.001 0.004 0.008 0.000 0.004 0.012
Fe2+ 3.750 5.129 4.343 5.121 4.699 4.035
Mn2+ 0.075 0.064 0.053 0.053 0.090 0.063
Mg 2.096 2.446 2.378 2.340 1.933 2.587
Oct total 6.776 7.737 7.161 7.516 7.362 7.136
Ca 0.044 0.042 0.062 0.029 0.026 0.014
Na 0.028 0.029 0.035 0.058 0.033 0.035
K 0.215 0.017 0.034 0.080 0.007 0.152
Aik total 0.287 0.088 0.130 0.167 0.067 0.201
Mg/Fe(tot) 0.559 0.477 0.548 0.457 0.411 0.641
Mg/Mg+Fe(tot) 0.359 0.323 0.354 0.314 0.291 0.391
Al/Oct site 0.118 0.000 0.031 0.000 0.105 0.010
Ti/Oct site 0.024 0.016 0.033 0.000 0.002 0.063
Cation charge 44.000 44.000 44.000 44.000 44.000 44.000
(table con’d)
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Sample name GB-95-55 GB-95-55 GB-95-55 KRF-95- KRF-95- KRF-95
171 171 171
Analysis pt 26 27 28 29 30 31
Remark Bla Bib B2 B4 B4 B1
Si02 31.77 29.03 30.53 31.04 31.05 31.54
Ti02 2.85 3.20 3.33 0.89 0.73 2.29
A1203 17.70 18.03 15.57 16.72 16.55 15.85
Cr203 0.01 0.04 0.03 0.14 0.17 0.00
FeO 29.20 33.14 33.84 29.16 28.88 29.33
MnO 0.61 0.14 0.29 0.30 0.24 1.10
MgO 11.27 9.65 9.69 13.86 14.49 11.75
CaO 0.07 0.07 0.16 0.33 0.30 0.32
Na20 0.05 0.04 0.10 0.10 0.17 0.12
K20 1.58 0.16 0.12 0.25 0.39 0.34
Total 95.12 93.51 93.65 92.79 92.% 92.64
-Atomic proportions on the basis of 22 oxygens—
Si 4.922 4.654 4.904 4.911 4.902 5.021
Ti 0.332 0.386 0.402 0.106 0.086 0.274
Al(iv) 3.078 3.346 2.948 3.089 3.080 2.974
Al(vi) 0.154 0.060 0.000 0.028 0.000 0.000
Cr 0.001 0.006 0.003 0.018 0.022 0.000
Fe2+ 3.783 4.443 4.546 3.858 3.813 3.905
Mn2+ 0.080 0.019 0.040 0.040 0.031 0.148
Mg 2.603 2.306 2.320 3.269 3.411 2.789
Oct total 6.953 7.219 7.312 7.319 7.363 7.115
Ca 0.012 0.012 0.027 0.055 0.050 0.055
Na 0.015 0.013 0.030 0.032 0.052 0.037
K 0.313 0.033 0.025 0.050 0.079 0.069
Aik total 0.340 0.059 0.082 0.138 0.181 0.161
Mg/Fe(tot) 0.688 0.519 0.510 0.847 0.894 0.714
Mg/Mg+Fe(tot) 0.408 0.342 0.338 0.459 0.472 0.417
Al/Octsite 0.026 0.010 0.000 0.005 0.000 0.000
Ti/Oct site 0.055 0.064 0.067 0.018 0.014 0.046
Cation charge 44.000 44.000 44.000 44.000 44.000 44.000
(table con’d)
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Sample name KRF-95- KRF-95-
171 171
Analysis pt 32 34
Remark B2a B2c
Si02 30.18 29.60
Ti02 1.49 2.04
A1203 17.11 16.05
Cr203 0.03 0.00
FeO 33.72 32.20
MnO 0.32 0.62
MgO 9.21 10.19
CaO 0.36 0.28
Na20 0.07 0.13
K20 0.32 0.38
Total 92.81 91.48
KRF-95- KRF-95- KRF-95- KRF-95
171 71 71 71
35 36 37 38
B3 B1 B4 B5a
29.27 31.38 26.42 28.%
0.35 1.87 0.30 2.46
18.73 18.93 18.96 15.98
0.00 0.00 0.05 0.06
31.62 24.95 35.93 31.95
0.55 0.57 0.33 0.27
8.83 14.98 10.55 12.11
1.56 0.22 0.37 0.61
0.10 0.35 0.12 0.12
0.70 0.99 0.12 0.19
91.71 94.23 93.15 92.71
—Atomic proportions on the basis of 22 oxygens—
Si 4.891 4.862
Ti 0.182 0.252
Al(iv) 3.109 3.107
Al(vi) 0.160 0.000
Cr 0.004 0.000
Fe2+ 4.570 4.423
Mn2+ 0.044 0.086
Mg 2.225 2.495
Oct total 7.185 7.256
Ca 0.063 0.049
Na 0.021 0.041
K 0.066 0.080
Aik total 0.150 0.170
4.789 4.797 4.353 4.690
0.043 0.215 0.037 0.300
3.211 3.203 3.647 3.050
0.400 0.207 0.035 0.000
0.000 0.000 0.007 0.008
4.326 3.190 4.951 4.328
0.076 0.073 0.046 0.038
2.154 3.414 2.591 2.924
7.000 7.098 7.668 7.5%
0.274 0.036 0.065 0.105
0.031 0.104 0.039 0.037
0.146 0.193 0.024 0.040
0.451 0.333 0.129 0.182
Mg/Fe(tot) 0.487 0.564 0.498 1.070 0.523
Mg/Mg+Fe(tot) 0.327 0.361 0.332 0.517 0.344
Al/Oct site 0.027 0.000 0.067 0.035 0.006
Ti/Octsite 0.030 0.042 0.007 0.036 0.006
Cation charge 44.000 44.000 44.000 44.000 44.000
0.676
0.403
0.000
0.050
44.000
(table con’d)
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Sample name KRF-95- KRF-95- SK-95-32 SK-95-32 SK-95-32 SK-95-32
71 71
Analysis pt 39 41 42 43 44 45
Remark B5b B2 Bla Bib B2 B3
Si02 28.76 30.54 29.63 30.66 29.40 31.09
Ti02 1.12 2.30 1.48 0.88 0.41 2.51
A1203 20.10 18.99 17.78 20.30 20.91 14.85
Cr203 0.00 0.07 0.06 0.10 0.00 0.01
FeO 29.87 25.85 30.30 28.78 33.30 30.48
MnO 0.47 0.40 0.56 0.49 0.46 0.37
MgO 12.86 14.78 11.64 11.49 9.49 12.15
CaO 0.13 0.25 1.43 0.24 0.27 0.70
Na20 0.06 0.04 0.15 0.07 0.09 0.19
K20 0.39 0.83 0.59 0.32 0.38 0.28
Total 93.76 94.05 93.61 93.33 94.71 92.62
—Atomic proportions on the basis of 22 oxygens—
Si 4.528 4.698 4.717 4.791 4.640 4.984
Ti 0.133 0.266 0.177 0.104 0.049 0.302
Al(iv) 3.472 3.302 3.283 3.209 3.360 2.806
Al(vi) 0.258 0.141 0.053 0.529 0.530 0.000
Cr 0.000 0.008 0.007 0.012 0.000 0.001
Fe2+ 3.933 3.325 4.034 3.761 4.395 4.086
Mn2+ 0.063 0.053 0.076 0.064 0.062 0.050
Mg 3.018 3.389 2.762 2.676 2.233 2.904
Oct total 7.405 7.182 7.109 7.147 7.269 7.343
Ca 0.022 0.041 0.243 0.040 0.045 0.120
Na 0.019 0.011 0.046 0.021 0.028 0.060
K 0.078 0.163 0.120 0.065 0.077 0.057
Aik total 0.119 0.215 0.409 0.126 0.150 0.236
Mg/Fe(tot) 0.767 1.019 0.685 0.712 0.508 0.711
Mg/Mg+Fe(tot) 0.434 0.505 0.406 0.416 0.337 0.415
Ai/Oct site 0.043 0.023 0.009 0.088 0.088 0.000
Ti/Oct site 0.022 0.044 0.029 0.017 0.008 0.050
Cation charge 44.000 44.000 44.000 44.000 44.000 44.000
(table con'd)
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Sample name SK-95-32 SK-95-32 SK-95-32 KRF-95- KRF-95- BR-95-91
71 71
Analysis pt 46 47 48 49 50 51
Remark B4 B6 B5 B3b B3c B3a
Si02 29.28 28.30 28.96 29.04 29.50 27.91
Ti02 2.42 3.22 2.25 1.90 1.64 1.67
AI203 15.67 18.06 18.62 19.58 19.69 21.77
Cr203 0.10 0.00 0.00 0.07 0.13 0.00
FeO 33.23 29.52 26.96 26.06 26.37 30.17
MnO 0.63 0.60 0.61 0.30 0.59 0.47
MgO 10.34 12.51 12.73 15.80 15.53 9.11
CaO 1.46 1.05 1.64 0.24 0.23 2.10
Na20 0.05 0.07 0.10 0.00 0.03 0.08
K20 0.40 0.12 0.96 0.47 0.56 0.28
Total 93.59 93.45 92.84 93.47 94.28 93.55
—Atomic proportions on the basis of 22 oxygens—
Si 4.749 4.4% 4.592 4.505 4.545 4.433
Ti 0.295 0.385 0.269 0.222 0.190 0.199
Al(iv) 2.9% 3.381 3.408 3.495 3.455 3.567
Al(vi) 0.000 0.000 0.072 0.085 0.121 0.507
Cr 0.013 0.000 0.000 0.009 0.016 0.000
Fe2+ 4.508 3.922 3.575 3.381 3.398 4.007
Mn2+ 0.087 0.080 0.082 0.040 0.077 0.064
Mg 2.500 2.%3 3.009 3.654 3.567 2.157
Oct total 7.403 7.349 7.007 7.391 7.370 6.934
Ca 0.254 0.179 0.279 0.041 0.038 0.357
Na 0.017 0.022 0.031 0.000 0.010 0.024
K 0.082 0.025 0.195 0.092 0.111 0.056
Aik total 0.353 0.226 0.505 0.133 0.159 0.438
Mg/Fe(tot) 0.555 0.755 0.842 1.081 1.050 0.538
Mg/Mg+Fe(tot) 0.357 0.430 0.457 0.519 0.512 0.350
Al/Oct site 0.000 0.000 0.012 0.014 0.020 0.085
Ti/Oct site 0.049 0.064 0.045 0.037 0.032 0.033
Cation charge 44.000 44.000 44.000 44.000 44.000 44.000
(table con’d)
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Sample name BR-95-91 BR-95-91 BR-95-91 BR-95-58 BR-95-58 BR-95-58
Analysis pt 52 53 56 57 58 60
Remark B4a B4b B3b Bl B3 B2
Si02 28.17 30.56 30.13 28.87 28.35 30.57
Ti02 1.53 1.12 2.43 2.49 2.65 2.09
A1203 20.46 19.77 18.18 17.01 18.97 18.57
Cr203 0.07 0.01 0.00 0.04 0.09 0.02
FeO 33.11 28.61 27.83 30.67 31.81 32.89
MnO 0.55 0.51 0.70 0.39 0.61 0.71
MgO 9.77 12.33 13.65 12.29 11.05 9.01
CaO 0.18 0.43 0.12 1.44 0.12 0.17
Na20 0.04 0.05 0.00 0.06 0.00 0.06
K20 0.26 0.34 1.09 0.02 0.20 1.17
Total 94.13 93.73 94.12 93.27 93.86 95.25
-Atomic proportions on the basis of 22 oxygens—
Si 4.491 4.760 4.698 4.619 4.514 4.816
Ti 0.183 0.131 0.285 0.300 0.318 0.247
Al(iv) 3.509 3.240 3.302 3.207 3.486 3.184
AI(vi) 0.335 0.390 0.040 0.000 0.073 0.264
Cr 0.008 0.001 0.000 0.005 0.011 0.003
Fe2+ 4.414 3.727 3.629 4.103 4.235 4.333
Mn2+ 0.074 0.067 0.092 0.052 0.082 0.094
Mg 2.322 2.863 3.173 2.931 2.623 2.116
Oct total 7.336 7.180 7.219 7.392 7.342 7.057
Ca 0.031 0.072 0.019 0.246 0.021 0.028
Na 0.012 0.014 0.000 0.019 0.000 0.017
K 0.053 0.068 0.217 0.004 0.041 0.235
Aik total 0.097 0.155 0.236 0.269 0.062 0.281
Mg/Fe(tot) 0.526 0.768 0.874 0.714 0.619 0.488
Mg/Mg+Fe(tot) 0.345 0.434 0.466 0.417 0.382 0.328
Al/Oct site 0.056 0.065 0.007 0.000 0.012 0.044
Ti/Oct site 0.030 0.022 0.047 0.050 0.053 0.041
Cation charge 44.000 44.000 44.000 44.000 44.000 44.000
(table con'd)
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Sample name BR-95-58 BR-95-58
Analysis pt 61 62
Remark B4 B5a
Si02 29.65 33.15
Ti02 2.22 3.85
A1203 18.23 17.42
Cr203 0.07 • 0.01
FeO 29.53 25.72
MnO 0.51 0.48
MgO 13.36 7.91
CaO 0.14 2.37
Na20 0.09 0.04
K20 0.18 4.13
Total 93.98 95.08
BR-95-58 BR-95-58 BR-95-58 SK-95-64
63 64 65 66
B5b B5b B5c Bla
26.76 26.01 31.38 27.14
0.05 0.00 2.90 1.01
21.91 22.52 18.14 18.11
0.05 0.01 0.03 0.04
32.78 33.36 26.20 31.39
0.18 0.15 0.59 0.50
11.61 12.15 13.38 9.69
0.06 0.04 0.25 3.68
0.08 0.04 0.02 0.13
0.00 0.00 1.47 0.46
93.47 94.28 94.35 92.16
—Atomic proportions on the basis of 22 oxygens—
Si 4.648 5.142
Ti 0.262 0.449
AI(iv) 3.352 2.858
Al(vi) 0.016 0.327
Cr 0.009 0.001
Fe2+ 3.871 3.337
Mn2+ 0.068 0.064
Mg 3.122 1.829
Oct total 7.347 6.007
Ca 0.023 0.394
Na 0.027 0.013
K 0.036 0.817
Aik total 0.087 1.224
4.285 4.145 4.834 4.477
0.007 0.000 0.336 0.126
3.715 3.855 3.166 3.521
0.419 0.374 0.128 0.000
0.006 0.001 0.004 0.006
4.389 4.445 3.376 4.331
0.024 0.020 0.077 0.070
2.771 2.886 3.073 2.383
7.617 7.726 6.993 6.915
0.010 0.007 0.041 0.650
0.024 0.013 0.005 0.042
0.000 0.001 0.289 0.097
0.034 0.021 0.335 0.790
Mg/Fe(tot) 0.806 0.548 0.631 0.649 0.910
Mg/Mg+Fe(tot) 0.446 0.354 0.387 0.394 0.477
Al/Oct site 0.003 0.055 0.070 0.062 0.021
Ti/Oct site 0.044 0.075 0.001 0.000 0.056
Cation charge 44.000 44.000 44.000 44.000 44.000
0.550
0.355
0.000
0.021
44.000
(table con'd)
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Sample name SK-95-64 SK-95-64
Analysis pt 67 68
Remark B2 B3
Si02 30.32 31.51
Ti02 1.50 2.04
A1203 18.63 17.01
Cr203 0.16 0.00
FeO 28.83 28.94
MnO 0.18 0.40
MgO 13.62 12.39
CaO 0.40 0.49
Na20 0.11 0.24
K20 0.33 0.60
Total 94.09 93.63
SK-95-64 SK-95-64 SK-95-64 SK-95-64
69 70 71 72
B4 B5 Bib Bib
31.70 30.87 27.73 29.93
1.73 1.20 1.48 2.00
16.72 18.55 17.37 18.14
0.02 0.09 0.05 0.00
30.08 29.52 32.77 29.22
0.46 0.40 0.49 0.50
12.07 12.05 9.83 12.80
0.58 0.31 1.70 1.16
0.16 0.15 0.13 0.11
0.52 0.55 0.36 0.40
94.04 93.68 91.91 94.27
—Atomic proportions on the basis of 22 oxygens—
Si 4.719 4.940 4.973 4.842 4.583 4.687
Ti 0.176 0.240 0.204 0.142 0.184 0.236
Al(iv) 3.281 3.060 3.027 3.158 3.384 3.313
Al(vi) 0.137 0.084 0.065 0.271 0.000 0.035
Cr 0.020 0.000 0.002 0.011 0.007 0.000
Fe2+ 3.753 3.795 3.946 3.872 4.530 3.827
Mn2+ 0.024 0.054 0.061 0.054 0.069 0.067
Mg 3.160 2.896 2.823 2.818 2.422 2.988
Oct total 7.270 7.068 7.101 7.167 7.211 7.152
Ca 0.067 0.083 0.098 0.052 0.300 0.195
Na 0.034 0.072 0.050 0.045 0.043 0.033
K 0.065 0.121 0.105 0.109 0.075 0.080
Aik total 0.166 0.276 0.253 0.206 0.419 0.309
Mg/Fe(tot) 0.842 0.763 0.715 0.728 0.535 0.781
Mg/Mg+Fe(tot) 0.457 0.433 0.417 0.421 0.348 0.438
Al/Oct site 0.023 0.014 0.011 0.045 0.000 0.006
Ti/Oct site 0.029 0.040 0.034 0.024 0.031 0.039
Cation charge 44.000 44.000 44.000 44.000 44.000 44.000 
(table con’d)
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Sample name BR-95- BR-95- BR-95- BR-95- BR-95- BR-95-
144 144 144 144 144 144
Analysis pt 73 74 75 76 77 78
Remark B2 B3 B1 B4a B4a B4b
Si02 29.57 28.66 31.73 31.62 28.96 30.43
Ti02 2.02 2.01 2.52 1.79 2.87 3.25
A1203 18.62 19.37 18.39 17.46 17.13 18.32
Cr203 0.09 0.00 0.04 0.01 0.02 0.00
FeO 32.70 28.85 27.78 27.86 34.95 29.38
MnO 0.51 0.62 0.68 0.33 0.65 0.62
MgO 10.25 11.41 11.23 7.24 8.68 10.82
CaO 0.23 227 0.31 5.22 0.62 0.23
Na20 0.08 0.04 0.10 0.08 0.12 0.04
K20 0.34 0.90 2.05 1.44 0.09 1.03
Total 94.39 94.14 94.83 93.04 94.08 94.12
-Atomic proportions on the basis of 22 oxygens—
Si 4.687 4.526 4.913 5.049 4.682 4.771
Ti 0.240 0.238 0.294 0.215 0.349 0.383
AI(iv) 3.313 3.474 3.087 2.951 3.264 3.229
Al(vi) 0.166 0.132 0.268 0.336 0.000 0.157
Cr 0.011 0.000 0.005 0.001 0.002 0.000
Fe2+ 4.335 3.810 3.597 3.721 4.725 3.853
Mn2+ 0.068 0.083 0.090 0.045 0.088 0.083
Mg 2.422 2.686 2.592 1.724 2.092 2.529
Oct total 7.243 6.950 6.845 6.040 7.256 7.005
Ca 0.039 0.385 0.051 0.893 0.108 0.039
Na 0.024 0.014 0.030 0.024 0.036 0.012
K 0.068 0.182 0.405 0.293 0.019 0.205
Aik total 0.130 0.580 0.486 1.211 0.163 0.256
Mg/Fe(tot) 0.559 0.705 0.721 0.463 0.443 0.656
Mg/Mg+Fe(tot) 0.358 0.413 0.419 0.317 0.307 0.3%
Al/Oct site 0.028 0.022 0.045 0.056 0.000 0.026
Ti/Oct site 0.040 0.040 0.049 0.036 0.058 0.064
Cation charge 44.000 44.000 44.000 44.000 44.000 44.000
(table con’d)
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Sample name BR-95- BR-95-1 BR-95-1 BR-95-1 BR-95-1 BR-95-
144
Analysis pt 79 81 82 83 7 8
Remark B5 B1 B2 B4 B3 B5
Si02 32.23 28.18 28.50 32.02 27.43 28.14
Ti02 1.16 1.27 1.95 1.62 1.14 2.16
AI203 23.26 16.55 19.28 19.96 19.32 19.16
Cr203 0.00 0.00 0.09 0.05 0.00 0.01
FeO 28.06 31.42 32.68 29.66 37.50 33.46
MnO 0.53 0.43 0.41 0.30 0.40 0.30
MgO 7.62 9.59 11.53 927 7.16 9.45
CaO 0.22 4.90 0.14 0.24 0.18 0.18
Na20 0.11 0.05 0.05 0.04 0.12 0.05
K20 1.27 0.26 0.10 1.55 0.20 0.03
Total 94.46 92.65 94.74 94.72 93.45 92.93
—Atomic proportions on the basis of 22 oxygens—
Si 4.932 4.629 4.502 4.961 4.519 4.552
Ti 0.134 0.157 0.232 0.189 0.142 0.262
Al(iv) 3.068 3.204 3.498 3.039 3.481 3.448
AI(vi) 1.128 0.000 0.092 0.606 0.270 0.206
Cr 0.000 0.000 0.011 0.007 0.000 0.001
Fe2+ 3.591 4.316 4.318 3.843 5.166 4.527
Mn2+ 0.068 0.059 0.055 0.040 0.055 0.040
Mg 1.738 2.348 2.715 2.141 1.758 2219
Oct total 6.659 6.881 7.424 6.825 7.392 7.316
Ca 0.037 0.862 0.023 0.040 0.032 0.031
Na 0.033 0.015 0.016 0.012 0.038 0.015
K 0.248 0.055 0.021 0.307 0.043 0.006
Aik total 0.318 0.933 0.060 0.359 0.113 0.052
Mg/Fe(tot) 0.484 0.544 0.629 0.557 0.340 0.503
Mg/Mg+Fe(tot) 0.326 0.352 0.386 0.358 0.254 0.335
Al/Oct site 0.188 0.000 0.015 0.101 0.045 0.034
Ti/Octsite 0.022 0.026 0.039 0.031 0.024 0.044
Cation charge 44.000 44.000 44.000 44.000 44.000 44.000
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Table D-4.
Touraellnss frcai the sandstones of the Tanqua and lalngsburg siAbestns
SMfite naaa SK-95-64 SK-95-64
Analysis p t 12 13
Aeaark T1 T1
8203 * 10.70 10.42
Si02 37.93 37.85
TI02 0.05 0.07
A1203 28.89 26.85
Cr203 0.06 0.00
FeO 11.51 12.57
MnO 0.07 0.00
Mgo 6.81 6.28
CaO 1.06 1.04
Na20 2.90 2.77
K20 0.05 0.00
Total 100.04 97.85
• -Atoarfe proportions
1 2.534 2.534
SI 5.203 5.332
Tf 0.005 0.007
A ld v ) 0.797 0.668
A U Z-site) 3.873 3.789
A U T-sita) 0.000 0.000
Cr 0.007 0.000
F«2* 1.320 1.481
Mn2* 0.008 0.000
«9 1.393 1.319
Ca 0.155 0.156
Na 0.772 0.758
I 0.009 0.000
•s it#  to ta l 2.733 2.807
•s ita  vacancy 0.064 0.086
•site  to ta l 1.000 1.000
Mg/Fe(tot) 1.055 0.891
M9/Mp*Fa(tOtJ 0.513 0.471
Al/Al«Fe*Mg 0.633 0.614
Mg/Al*Fa*Mg 0.189 0.182
Ca/Ce*Fe*Mg 0.054 0.053
Mg/Ce»Fe*ttg 0.486 0.446
Cation charge 49.000 49.000
* > ealeulatad by sto ie fc ioae try
■8-95-58 K8F-95-171 K8F-95-171 OtF-95
30 32 33 34
T2 T1 T1 T2
10.78 10.81 10.80 10.68
37.71 37.18 36.47 37.64
0.87 0.91 0.96 0.26
31.89 32.78 34.34 30.45
0.12 0.11 0.13 0.00
8.28 10.60 10.64 11.68
0.08 0.09 0.09 0.00
5.65 4.87 3.78 4.90
1.33 0.33 0.13 1.79
1.94 2.13 2.36 2.08
0.00 0.02 0.00 0.00
. . . . . . . . . . . . . . . . . .
98.65 99.83 99.70 99.48
the basis o f 29 oktgens- -
2.534 2.534 2.534 2.534
5.136 5.048 4.957 5.176
0.090 0.093 0.098 0.027
0.864 0.952 1.043 0.824
4.255 4.294 4.458 4.112
0.000 0.000 0.000 0.000
0.013 0.011 0.014 0.000
0.943 1.204 1.209 1.343
0.009 0.010 0.010 0.000
1.147 0.986 0.766 1.005
0.194 0.049 0.018 0.263
0.513 0.561 0.622 0.553
0.000 0.004 0.000 0.000
2.202 2.304 2.098 2.375
0.293 0.387 0.360 0.183
1.000 1.000 1.000 1.000
1.216 0.819 0.633 0.748
0.549 0.450 0.388 0.428
0.710 0.706 0.736 0.678
0.159 0.133 0.102 0.138
0.085 0.022 0.009 0.101
0.502 0.440 0.384 0.385
49.000 49.000 49.000 49.000
(table con’
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Touraalines froe the sandstones of th« Tanqua and Laingsburg subbsstns
aavle none XXF-95-171 XNF-95-171 KNF-95-171 88-95*1 88-95-1 ■8-95-
nalysis p t 35 36 37 52 53 54
m ark T2 T3 T3 T3 T3 T1
B203 * 10.80 11.01 11.01 11.26 11.23 11.19
Si02 37.48 38.12 38.56 38.55 38.20 36.38
Ti02 0.37 1.48 1.42 0.16 0.25 0.59
A1203 31.43 32.96 32.61 30.61 30.84 36.58
Cr203 0.02 0.07 0.00 3.20 2.46 0.03
FeO 11.01 9.89 9.67 2.15 2.16 9.41
NrO 0.09 0.00 0.01 0.03 0.02 0.01
NgO 5.27 4.82 5.01 11.53 11.81 6.05
CaO 1.96 0.77 0.62 2.70 2.97 0.54
Na20 2.03 2.19 2.16 1.60 1.44 1.96
K20 0.00 0.01 0.00 0.09 0.09 0.04
Total 100.46 101.33 101.07 101.86 101.47 102.78
•-A ton ic proportions on the basis o f 29 OXYGENS**
B 2.534 2.534 2.534 2.534 2.534 2.534
Si 5.093 5.083 5.142 5.026 4.995 4.773
Ti 0.038 0.149 0.143 0.015 0.025 0.058
A lC iv) 0.907 0.917 0.858 0.974 1.005 1.227
A l(Z -s tte ) 4.127 4.262 4.266 3.730 3.748 4.430
AlC T-site) 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.002 0.008 0.000 0.330 0.254 0.003
Fa2* 1.251 1.103 1.078 0.234 0.237 1.033
Nn2* 0.010 0.000 0.001 0.003 0.002 0.002
Ng 1.068 0.958 0.996 2.241 2.302 1.183
Ca 0.285 0.110 0.089 0.377 0.417 0.076
Na 0.536 0.566 0.558 0.404 0.365 0.497
K 0.000 0.002 0.000 0.015 0.015 0.006
Y -s it*  to ta l 2.369 2.217 2.217 2.823 2.820 2.279
X -s itc  vacancy 0.179 0.322 0.353 0.204 0.204 0.420
X -s ito  to ta l 1.000 1.000 1.000 1.000 1.000 1.000
Hg/Fa(tot) 0.853 0.869 0.924 9.575 9.732 1.146
N g/*g*Fe(tot) 0.460 0.465 0.480 0.905 0.907 0.534
Al/Al*F«*Ng 0.685 0.715 0.712 0.655 0.652 0.719
Ng/Al»F«*Ng 0.145 0.132 0.138 0.312 0.316 0.150
Ca/Ca*Fe*Mg 0.109 0.051 0.041 0.132 0.141 0.033
Hg/Ca*Ft*Mg 0.410 0.441 0.460 0.786 0.779 0.516
Cation charge 49.000 49.000 49.000 49.000 49.000 49.000
* ■ calculated by s to ie h ioa s try
(table con’
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Tounaat tries frost the Mndstonss of the Tanqua and Laingsburg aubbasfna
Saaple naae ■8-95-1 88*95*1 18-95-1 HC-95-1
Analysis pc 55 56 57 14
Reaartc T1 T6 T4 T1
■203 * 11.20 11.47 11.41 10.98
Sf02 36.25 38.72 38.74 38.90
Ti02 0.59 0.87 1.09 0.00
A1203 36.73 36.13 33.45 29.60
Cr203 0.00 0.00 0.01 0.02
FaO 7.87 5.85 6.47 9.96
MnO 0.00 0.05 0.00 0.00
NgO 7.09 9.68 9.20 8.40
CaO 0.68 1.13 1.00 0.78
Na20 1.76 2.33 2.51 2.97
■20 0.00 0.01 0.02 0.01
Total 102.15 106.03 103.90 101.62
—-Atostfe proportions on tha basis o 3 9
■ 2.534 2.534 2.534 2.534
Si 4.752 4.959 4.983 5.204
T i 0.058 0.084 0.105 0.000
A l( iv ) 1.248 1.041 1.017 0.796
A l(Z -s ita ) 4.627 4.110 4.055 3.870
A l(T -s fta ) 0.000 0.000 0.000 0.000
Cr 0.000 0.000 0.001 0.003
F«2* 0.863 0.627 0.696 1.114
Mn2» 0.000 0.006 0.000 0.000
Mg 1.386 1.810 1.764 1.675
Ca 0.095 0.154 0.138 0.112
Ha 0.442 0.578 0.625 0.771
c 0.000 0.002 0.003 0.001
T -s ita  to ta l 2.307 2.526 2.566 2.792
X *sita  vacancy 0.462 0.265 0.233 0.115
X -s ite  to ta l 1.000 1.000 1.000 1.000
Ng/Factot) 1.606 2.889 2.535 1.503
Mg/Mg*F«(tot) 0.616 0.743 0.717 0.601
Al/Al«Fa*Mg 0.716 0.679 0.673 0.626
Mg/Al*Fa*Mg 0.175 0.239 0.234 0.225
Ca/Ca»Fe*Mg 0.041 0.060 0.053 0.039
Hg/Ce*Fe*Mg 0.591 0.699 0.679 0.577
Cation charge 69.000 49.000 49.000 49.000
‘  8 calculated by s to ich ica c try
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Table D-6. Sarnets ^rom th e  sandstones of the Tanqua and Laingsburg stAbasins
Sample name SIC-95-32 •R-95-38 •R-95-38 •R-95-38 •R-95-38 •R-95-38
A nalysis p t 4 6 7 8 10 11
Remark 63 G3 61 67 66a 66b
Si02 37.73 38.63 38.24 38.20 38.48 38.53
A1203 21.21 22.26 21.62 21.75 21.91 21.41
Cr2D3 0.03 0.07 0.04 0.04 0.05 0.00
FeO 30.13 30.72 27.97 32.90 28.30 24.33
MnO 5.37 0.50 1.15 0.45 0.71 0.63
MgO 4.10 7.33 7.35 6.31 7.66 6.50
CaO 0 .97 1.17 2.80 0.93 2.33 7.93
Tota l 99.54 100.68 99.17 100.57 99.44 99.33
--A to n ic  p ropo rtions on the basis o f 12 oxygens—
Si 3.021 2.991 2.998 2.992 3.000 3.003
A l 2.001 2.031 1.998 2.008 2.013 1.967
Cr 0.002 0.004 0.002 0.002 0.003 0.000
Fe2* 2.017 1.989 1.834 2.155 1.845 1.586
HrZ* 0.364 0.033 0.076 0.030 0.047 0.041
Hg 0.489 0.846 0.859 0.737 0.890 0.755
Ca 0.083 0.097 0.235 0.078 0.195 0.662
x -s fte  to ta l 2.954 2.965 3.004 3.000 2.977 3.045
Mg/FeCtot) 0.243 0.425 0.468 0.342 0.482 0.476
Mg/MgrFe(tot) 0.195 0.298 0.319 0.255 0.325 0.323
Pyrope 16.56 28.53 28.59 24.56 29.90 24.80
Almandine 68.29 67.08 61.03 71.84 61.97 52.08
Spessartine 12.33 1.10 2.54 0.99 1.58 1.36
O rossular 2.72 3.08 7.72 2.49 6.39 21.75
Uvarovi te 0.11 0.20 0.12 0.11 0.15 0.00
RENORMALIZED MAJOR 6ARNET COMPONENTS AFTER REMOVING 'OTHER' COMPONENTS
Pyrope { * ) 16.58 28.59 28.62 24.59 29.95 24.80
Almandine ( * ) 68.36 67.22 61.11 71.92 62.06 52.08
Spessartine ( * )  12.34 1.10 2.55 0.99 1.59 1.36
C rossular ( * ) 2.72 3.09 7.72 2.50 6.40 21.75
C ation charge 24.000 24.000 24.000 24.000 24.000 24.000
(table con’d.)
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Garnets fro*  the sandstones of the Tanqua and Laingsburg subbasins
Sasple name BR-9S-38 WF-95-171 W F-95-171 WF-95-171 WF-95-171 W F-95
A nalysis p t 12 13 14 17 19 20
Remark G4 G3c G3b G6 66 G3
Si02 38.71 38.49 39.23 39.83 39.86 37.93
A1203 21.72 21.96 22.32 22.45 22.52 21.10
Cr203 0.05 0.02 0.03 0.08 0.00 0.00
FeO 30.48 27.63 28.00 28.70 28.17 33.01
MnO 0.29 2.55 0.50 0.30 0.32 0.81
HgO 7.69 6.99 8.44 8.98 8.75 3.62
CaO 0.92 1.81 1.44 0.99 0.96 3.08
T ota l 99.86 99.45 99.96 101.33 100.58 99.55
-A to n ic  p roportions on the  basis o f 12 oxygens—
Si 3.015 3.010 3.019 3.022 3.038 3.031
A l 1.994 2.024 2.025 2.008 2.023 1.987
Cr 0.003 0.001 0.002 0.005 0.000 0.000
Fe2* 1.985 1.807 1.802 1.821 1.796 2.206
Mn2+ 0.019 0.169 0.032 0.019 0.021 0.055
Mg 0.893 0.815 0.968 1.016 0.994 0.431
Ca 0.076 0.152 0.119 0.081 0.079 0.264
X -s ite  to ta l 2.974 2.942 2.922 2.937 2.889 2.956
M g/Fe(tot) 0.450 0.451 0.537 0.558 0.554 0.195
Mg/Mg*Fe(tot) 0.310 0.311 0.350 0.358 0.356 0.164
Pyrope 30.03 27.69 33.14 34.59 34.41 14.59
Almandine 66.76 61.41 61.68 62.01 62.15 74.63
Spessartine 0.64 5.73 1.11 0.65 0.71 1.86
Grossular 2.41 5.10 3.97 2.49 2.71 8.92
U varovite 0.16 0.06 0.10 0.25 0.01 0.00
RENORMALIZED MAJOR GARNET COMPONENTS AFTER REMOVING 'OTHER' COMPONENTS
Pyrope C*J 30.07 27.71 33.18 34.68 34.42 14.59
Almandine ( * ) 66.87 61.45 61.74 62.17 62.16 74.63
Spessartine ( * ) 0.65 5.74 1.11 0.66 0.71 1.86
Grossular <*) 2.41 5.10 3.97 2.50 2.71 8.92
Cation charge 24.000 24.000 24.000 24.000 24.000 24.000
(table con’
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Garnets from the  sandstones of the Tanqua and Laingsburg subbasins
Sample name W F-95-171 WF-95-171 WF-95-171 WF-95-171 W F-95-171 WF-95
A nalysis p t 21 22 23 24 2S 26
Remark G3 G1 G1 G2 G2 G4
Si02 37.87 39.29 39.36 40.55 40.30 39.14
A1203 21.39 21.72 21.67 22.26 22.63 21.68
Cr203 0.02 0.00 0.01 0.03 0.05 0.01
FeO 32.76 26.95 27.46 23.17 23.37 27.70
MnO 0.75 0.90 0.87 0.13 0.08 1.00
NgO 3.42 9.57 9.70 11.25 11.44 7.69
CaO 3.17 1.26 1.22 2.21 2.25 2.93
T o ta l 99.38 99.69 100.29 99.60 100.12 100.14
••A to n ic  p roportions on the  basis o f 12 oxygens-'
Si 3.028 3.024 3.018 3.058 3.027 3.026
A l 2.015 1.970 1.958 1.979 2.004 1.975
Cr 0.001 0.000 0.001 0.002 0.003 0.000
Fe2* 2.190 1.735 1.761 1.461 1.468 1.791
Hn2* 0.051 0.059 0.057 0.008 0.005 0.066
Mg 0.408 1.098 1.109 1.265 1.281 0.886
Ca 0.272 0.104 0.100 0.178 0.181 0.242
x -s ite  to ta l 2.920 2.996 3.026 2.913 2.935 2.985
Mg/FeCtot) 0.186 0.633 0.630 0.866 0.873 0.495
Mg/Mg+Fe<tot> 0.157 0.388 0.386 0.464 0.466 0.331
Pyrope 13.96 36.66 36.63 43.42 43.65 29.69
Almandine 75.00 57.91 58.18 50.17 50.02 59.99
Spessartine 1.74 1.97 1.87 0.29 0.17 2.20
Grossular 9.24 3.47 3.29 6.02 6.00 8.10
U varovite 0.06 0.00 0.03 0.10 0.16 0.02
RENORMALIZED MAJOR GARNET COMPONENTS AFTER REMOVING 'OTHER' COMPONENTS
Pyrope ( * ) 13.97 36.66 36.65 43.47 43.72 29.69
Almandine ( • ) 75.05 57.91 58.20 50.22 50.10 60.00
Spessartine ( * ) 1.74 1.97 1.87 0.29 0.17 2.20
G rossular ( * ) 9.25 3.47 3.29 6.03 6.01 8.11
C ation charge 24.000 24.000 24.000 24.000 24.000 24.000
(table con’
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Garnets from the  sandstones of the Tanqua and Laingsburg subbasins
Saaple name KRF-95-171 H lF-95-22 W F-95-22 XRF-95-71 WF-95-71 SK-95-
A na lys is  p t 27 68 78 88 98 108
Remark G5 G2 G2 G2a G2a S3
Si02 37.94 38.75 39.08 38.01 38.02 38.30
A1203 21.50 21.76 22.34 21.93 21.90 24.96
Cr203 0.04 0.00 0.06 0.05 0.06 0.00
FeO 35.85 27.55 27.99 31.89 31.78 10.00
NnO 0.73 0.42 0.36 2.92 2.91 0.80
NgO 3.47 7.62 7.45 3.62 3.73 0.04
CaO 1.05 3.64 3.52 2.54 2.48 22.58
T o ta l 100.58 99.74 100.80 100.96 100.89 96.68
- •A to n ic  proportions on the basis o f 12 oxygens—
Si 3.019 3.007 3.000 2.999 3.000 2.984
A l 2.016 1.990 2.021 2.039 2.036 2.292
Cr 0.002 0.000 0.004 0.003 0.004 0.000
Fe2* 2.385 1.788 1.797 2.104 2.097 0.652
Nn2* 0.049 0.027 0.023 0.195 0.195 0.053
Ng 0.412 0.882 0.853 0.426 0.439 0.005
Ca 0.090 0.303 0.290 0.215 0.210 1.885
X -s ite  to ta l 2.936 3.000 2.962 2.939 2.940 2.594
N g /F e (to t) 0.173 0.493 0.474 0.202 0.209 0.007
Mg/Ng+FeCtot) 0.147 0.330 0.322 0.168 0.173 0.007
Pyrope 14.02 29.39 28.78 14.48 14.92 0.19
Almandine 81.26 59.61 60.66 71.58 71.32 25.12
Spessartine 1.67 0.91 0.79 6.63 6.62 2.03
G rossular 2.94 10.09 9.59 7.14 6.94 72.67
U varovite 0.12 0.00 0.18 0.17 0.19 0.00
RENORMALIZED MAJOR GARNET COMPONENTS AFTER REMOVING 'OTHER' COMPONENTS
Pyrope ( * ) 14.04 29.39 28.83 14.51 14.95 0.19
Almandine ( * ) 81.35 59.61 60.77 71.70 71.46 25.12
Spessartine (*> 1.67 0.91 0.79 6.64 6.63 2.03
G rossular ( * ) 2.94 10.09 9.61 7.15 6.96 72.67
C ation charge 24.000 24.000 24.000 24.000 24.000 24.000
(table con’
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Carnets from the sandstones of the Tanqua and Lafngsburg subbasins
Sample name SK-95-162 SIC-95-162 G8-95-87 08-95-87 SIC-95-87 08-95-87
A na lys is  p t 11B 12B 168 158 168 178
Remark G3 C2 d a G1a d b 01b
St 02 38.42 39.85 36.88 36.64 61.17 60.96
A1203 22.00 22.32 20.66 20.84 22.91 23.09
Cr203 0.00 0.06 0.00 0.01 0.04 0.06
FeO 12.95 26.11 33.17 34.64 16.74 17.36
MnO 0.22 0.31 1.19 1.18 0.36 0.35
MgO 0.15 9.88 5.03 3.99 13.28 13.33
CaO 23.26 1.18 0.66 0.70 5.68 5.71
Tota l 97.00 99.71 97.59 98.00 100.18 100.84
'A tom ic p ro p o rtion s  on the  basis o f 12 oxygens**
St 3.035 3.040 3.006 2.995 3.029 3.003
A l 2.048 2.007 1.984 2.008 1.987 1.996
Cr 0.000 0.004 0.000 0.001 0.002 0.004
Fe2* 0.856 1.666 2.261 2.368 1.030 1.065
Mn2* 0.015 0.020 0.082 0.082 0.022 0.022
Mg 0.018 1.123 0.611 0.486 1.457 1.458
Ca 1.969 0.097 0.058 0.061 0.448 0.449
X -s ite  to ta l 2.857 2.905 3.012 2.997 2.957 2.993
Hg/FeCtot) 0.021 0.675 0.270 0.205 1.414 1.369
Mg/bg*FeCtot) 0.020 0.403 0.213 0.170 0.586 0.578
Pyrope 0.61 38.67 20.29 16.22 49.27 48.70
Almandine 29.95 57.33 75.06 79.01 34.84 35.58
Spessartine 0.52 0.68 2.72 2.72 0.75 0.73
G rossular 68.91 3.14 1.92 2.01 15.02 14.81
U varovite 0.00 0.18 0.00 0.04 0.13 0.19
RENORMALIZED MAJOR GARNET COMPONENTS AFTER REMOVING 'OTHER' COMPONENTS
Pyrope ( • ) 0.61 38.74 20.29 16.23 49.33 48.79
Almandine ( * ) 29.95 57.43 75.06 79.04 34.88 35.65
S pessartine ( * ) 0.52 0.68 2.72 2.72 0.75 0.73
G rossular ( * ) 68.91 3.15 1.92 2.01 15.04 14.83
C ation charge 24.000 24.000 24.000 24.000 24.000 24.000
(table con’d.)
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Garnets fro* the sandstones of the Tanqua and Laingsburg subbasins
Sample name GB-95-87 GB-95-87 GB-95-87 GS-95-87 GB-95-87 GB-95-87
A na lys is  p t 188 198 208 6C 7C 8C
Remark G2 G2 G3 G3 G4 G4
Si02 38.18 38.87 38.91 38.67 37.63 38.13
A1203 21.73 21.80 21.22 21.45 20.51 20.72
Cr203 0.00 0.00 0.01 0.07 0.00 0.00
FeO 30.14 29.48 23.18 22.82 28.27 28.01
MnO 0.51 0.56 0.42 0.43 1.77 2.06
MgO 6.59 6.87 5.93 5.85 0.51 0.55
CaO 1.99 1.99 9.78 9.95 11.25 11.18
T o ta l 99.14 99.56 99.45 99.24 99.94 100.65
••A tom ic p ropo rtions on the  basis o f 12 oxygens—
Si 3.007 3.033 3.024 3.010 3.021 3.033
A l 2.017 2.005 1.944 1.968 1.941 1.942
Cr 0.000 0.000 0.000 0.004 0.000 0.000
Fe2* 1.965 1.924 1.507 1.485 1.898 1.863
Mn2* 0.034 0.037 0.028 0.029 0.120 0.139
Mg 0.774 0.799 0.687 0.679 0.061 0.065
Ca 0.168 0.166 0.814 0.830 0.968 0.953
s ite  to ta l 2.961 2.926 3.036 3.023 3.047 3.020
Hg/FeCtot> 0.390 0.415 0.456 0.457 0.032 0.035
M g/M g*Fe(tot) 0.280 0.293 0.313 0.314 0.031 0.034
Pyrope 26.13 27.32 22.63 22.46 2.01 2 .16
Almandine 67.04 65.75 49.63 49.14 62.29 61.69
S pessartine 1.16 1.26 0.91 0.95 3.94 4 .60
G rossular 5 .67 5.67 26.81 27.25 31.76 31.55
U varovite 0.00 0.00 0.02 0.20 0.00 0.00
REMORMALIZED MAJOR GARNET COMPONENTS AFTER REMOVING 'OTHER* COMPONENTS
Pyrope ( * ) 26.13 27.32 22.64 22.50 2.01 2.16
Almandine ( * ) 67.04 65.75 49.64 49.24 62.29 61.69
S pessartine ( * ) 1.16 1.26 0.91 0.95 3.94 4.60
G rossular { • ) 5 .67 5.67 26.81 27.31 31.76 31.55
C ation charge 24.000 24.000 24.000 24.000 24.000 24.000
(table con’
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Carnets from the sandstones of the Tanqua and Laingsburg subbasins
Sample name 08-95*87 08-95-87 08-95-87 08-95-87 ttF -95-221 KRF-95-221
A na lys is  p t 9C IOC 11C 12C 13C 14C
Remark G5 05 06 06 04 04
SiOZ 38.87 38.89 38.12 38.26 38.60 39.50
A1203 21.92 21.93 21.40 21.75 22.53 22.65
Cr203 0.05 0.01 0.06 0.04 0.02 0.08
FeO 24.91 24.92 31.16 31.05 26.91 26.23
MnO 0.58 0.63 0.40 0.42 0.53 0.45
MgO 8.56 8.61 6.89 6.75 9.12 8.82
CaO 4.47 4.57 1.29 1.25 2.91 2.82
T o ta l 99.36 99.56 99.32 99.52 100.62 100.55
' -Atom ic p ropo rtions on the basis o f 12 oxygens—
S i 3.001 2.998 3.006 3.006 2.956 3.007
A l 1.995 1.992 1.969 2.014 2.033 2.032
Cr 0.003 0.000 0.003 0.003 0.001 0.005
Fe2f 1.608 1.607 2.055 2.040 1.723 1.670
Mn2* 0.038 0.041 0.027 0.028 0.034 0.029
Mg 0.985 0.989 0.810 0.791 1.041 1.001
Ca 0.370 0.377 0.109 0.105 0.239 0.230
X -s ite  to ta l 3.001 3.015 3.000 2.964 3.038 2.930
H g /F e fto t) 0.613 0.616 0.394 0.388 0.604 0.599
M g/H g+ fe lto t) 0.380 0.381 0.283 0.279 0.377 0.375
Pyrope 32.83 32.82 26.99 26.67 34.27 34.16
Almandine 53.59 53.29 68.48 68.83 56.73 57.00
S pessartine 1.26 1.37 0.88 0.94 1.13 0.98
G rossular 12.18 12.50 3.47 3.42 7.82 7.60
U varov ite 0.14 0.02 0.17 0.13 0.05 0.25
RENORMALIZED MAJOR GARNET COMPONENTS AFTER REMOVING 'OTHER' COMPONENTS
Pyrope (*> 32.87 32.83 27.04 26.71 34.29 34.25
Almandine ( * ) 53.67 53.30 68.60 68.93 56.75 57.14
S pessartine ( * ) 1.26 1.37 0.89 0.94 1.13 0.98
G rossu lar ( * ) 12.20 12.50 3.48 3.42 7.83 7.62
C ation charge 24.000 24.000 24.000 24.000 24.000 24.000
(table con’
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Garnets from the  sandstones of the  Tanqua and Lafngsburg subbasins
Saiqple name BR-95-144 BR-95-144 BR-95-144 BR-95-144 BR-95-144 BR-95-
A n a lys is  p t 16C 17C 18C 19C 20C 21C
Remark G6 G6 65 65 64 64
Si02 39.98 39.77 39.15 38.57 37.49 37.47
A1203 22.30 22.54 22.55 22.33 21.32 21.58
Cr203 0.01 0.04 0.02 0.02 0.00 0.02
FeO 24.13 24.17 28.02 28.05 33.69 33.27
MnO 0.77 0.73 0.49 0.52 1.23 1.09
MgO 11.11 11.43 7.90 7.98 2.80 3.21
CaO 1.90 1.93 2.39 2.42 3.86 3.81
T o ta l 100.19 100.60 100.51 99.89 100.39 100.45
• •Atom ic p ro p o rtion s  on the basis o f 12 oxygens—
Si 3.021 2.995 3.005 2.986 2.995 2.983
A l 1.986 2.000 2.040 2.037 2.007 2.025
Cr 0.001 0.002 0.001 0.001 0.000 0.001
Fe2* 1.52S 1.522 1.798 1.816 2.251 2.215
Mn2+ 0.049 0.0(6 0.032 0.034 0.083 0.074
Mg 1.251 1.283 0.904 0.921 0.334 0.381
Ca 0.154 0.155 0.196 0.201 0.330 0.325
X -s ite  to ta l 2.979 3.007 2.930 2.971 2.996 2.995
M g /F e tto t) 0.821 0.843 0.503 0.507 0.148 0.172
Mg/Mg+Fe(tot) 0.451 0.457 0.334 0.336 0.129 0.147
Pyrope 42.01 42.67 30.85 30.99 11.13 12.72
Almandine 51.19 50.62 61.38 61.11 75.07 73.97
S pessartine 1.65 1.55 1.08 1.14 2.78 2.45
G rossular 5.13 5.05 6.65 6.70 11.02 10.81
U varov ite 0.03 0.11 0.05 0.06 0.00 0.05
RENORMALIZED MAJOR GARNET COMPONENTS AFTER REMOVING 'OTHER' COMPONENTS
Pyrope C*> 42.02 42.72 30.86 31.01 11.13 12.73
Almandine ( * ) 51.20 50.68 61.41 61.15 75.07 74.01
S pessartine { * ) 1.65 1.55 1.08 1.14 2.78 2.46
G rossular ( * ) 5.13 5.06 6.65 6.70 11.02 10.81
C ation charge 24.000 24.000 24.000 24.000 24.000 24.000
(table con’
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Garnets from the sandstones of the Tanqua and Laingsburg subbasins
Sasple name ■R-95-144 88*95*144 ■8*95*144 ■8*95*144 SK-95-64 SK-95-<
Analysis p t 2ZC Z3C 24C 26C 27C 28C
Remark G1 G1 G3 G2 G2 G1
SiOZ 38.75 38.55 39.29 38.25 39.46 37.77
A1203 22.43 22.33 22.88 21.57 23.05 21.76
Cr203 0.02 0.06 0.06 0.03 0.09 0.03
FeO 28.37 27.82 27.19 30.73 26.02 31.85
MnO 0.39 0.30 0.45 0.17 0.42 0.49
"90 8.99 9.23 8.55 7.58 10.32 3.31
CaO 0.92 1.01 3.00 1.13 1.49 5.42
Total 99.87 99.30 101.42 99.46 100.86 100.63
• -A tom ic p ropo rtions on the  basis o f 12 oxygens—
Si 2.988 2.984 2.981 3.000 2.980 2.985
Al 2.038 2.037 2.046 1.994 2.052 2.027
Cr 0.001 0.004 0.004 0.002 0.006 0.002
feZ* 1.830 1.801 1.725 2.015 1.643 2.105
Nn2«- 0.026 0.020 0.029 0.012 0.027 0.032
"9 1.033 1.065 0.967 0.886 1.162 0.390
Ca 0.076 0.084 0.244 0.095 0.121 0.459
x -s ite  to ta l 2.965 2.970 2.965 3.008 2.953 2.987
H g/Fe(to t) 0.565 0.591 0.561 0.440 0.707 0.185
Mg/Mg»Fe(tot) 0.361 0.372 0.359 0.305 0.414 0.156
Pyrope 34.86 35.87 32.62 29.46 39.34 13.06
Almandine 61.71 60.65 58.19 67.00 55.65 70.49
Spessartine 0.86 0.67 0.97 0.39 0.91 1.09
Grossular 2.52 2.63 8.04 3.08 3.81 15.27
U varovite 0.05 0.18 0.19 0.08 0.29 0.10
RE NORMALIZED MAJOR GARNET COMPONENTS AFTER REMOVING 'OTHER' COMPONENTS
Pyrope { • ) 34.87 35.93 32.68 29.48 39.46 13.07
Almandine <•) 61.74 60.76 58.30 67.05 55.81 70.55
Spessartine <*> 0.86 0.67 0.97 0.39 0.91 1.09
Grossular ( * ) 2.53 2.64 8.05 3.08 3.82 15.29
Cation charge 24.000 24.000 24.000 24.000 24.000 24.000
(table con’
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Carnets fro* the sandstones of the Tanqua and Laingsburg stAtoasins
Sample name SK-95-64
A na lys is  p t 29C
Remark G6
Si02 39.25
A1203 22.56
Cr203 0.06
FeO 26.67
MnO 0.41
MgO 9.38
CaO 2.20
T o ta l 100.53
—A to n ic  p ropo rtions on the  basis o f 12 oxygens—
Si 2.991
A l 2.026
Cr 0.004
Fe2* 1.700
Mn2«- 0.026
Mg 1.066
Ca 0.180
X -s ite  to ta l 2.972
Mg/FeCtot) 0.627 
Mg/Mg*Fe(tot> 0.385
Pyrope 35.86
Almandine 57.20 
S pessartine 0.89 
G rossular 5.86
U varovite  0.19
RENORMAL IZE0 MAJOR GARNET COMPONENTS AFTER REMOVING 'OTHER' COMPONENTS
Pyrope <*) 35.93
Almandine < •) 57.30
Spessartine { • )  0.89 
G rossular ( * )  5.88
C ation charge 24.000
(table con’
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D etrftal garnets from sandstones fn the Tanqua and Laingsburg subbasins.
Saaple name gR-95-144 8R-95-144 •R-95-144 •R-95-144 •R-95-144 SK-95-
Analysis p t 6 4 6 10 11 15
Remark T1 T1 T1 T4 T4 T1
SiOZ 39.05 38.46 38.19 37.53 37.79 38.26
TiOZ 0.00 0.09 0.02 0.00 0.00 0.19
A1203 20.68 21.08 20.88 18.68 18.49 20.00
CrZ03 0.01 0.00 0.00 0.07 0.04 0.00
FeO 30.41 31.34 30.66 18.20 17.74 16.24
NnO 1.39 1.55 1.62 0.10 0.03 0.10
MgO 1.94 1.69 2.23 0.07 0.04 0.01
cao 8.34 8.43 8.40 23.29 23.70 24.12
NaZO 0.07 0.00 0.01 0.00 0.05 0.01
(20 0.03 0.00 0.02 0.03 0.00 0.00
Total 101.92 102.64 102.03 97.97 97.87 98.93
•*-Atomic proportions on the basis o f 12 oxygens--
Si 3.059 3.009 3.002 3.032 3.050 3.027
Ti 0.000 0.005 0.001 0.000 0.000 0.011
Al 1.909 1.944 1.934 1.778 1.759 1.865
Cr 0.001 0.000 0.000 0.005 0.002 0.000
’ Fe2* 1.992 2.050 2.015 1.229 1.197 1.074
Nn2* 0.093 0.103 0.108 0.007 .002 0.007
Mg 0.226 0.197 0.262 0.009 0.004 0.001
Z -s ite  to ta l 3.059 3.009 3.002 3.032 3.050 3.027
T -s ite  to ta l 1.910 1.949 1.935 1.783 1.761 1.876
x -s ite  to ta l 3.024 3.056 3.096 3.264 3.261 3.128
Ca 0.700 0.707 0.707 2.016 2.050 2.044
Na 0.010 0.000 0.001 0.000 0.008 0.002
K 0.003 0.000 0.002 0.003 0.000 0.000
M g/Fettot) 0.114 0.096 0.130 0.007 0.004 0.001
Mg/Mg*Fe(tot) 0.102 0.088 0.115 0.007 0.004 0.001
Pyrope 7.51 6.45 8.46 0.27 0.13 0.03
Almandine 66.17 67.02 65.16 37.70 36.81 34.13
Spessartine 3.07 3.37 3.50 0.22 0.07 0.22
Grossular 23.22 22.89 22.84 61.60 62.88 65.08
Uvarovite 0.03 0.00 0.00 0.21 0.11 0.00
Schorlomite 0.00 0.27 0.04 0.00 0.00 0.54
RENORMALIZED MAJOR GARNET COMPONENTS AFTER REMOVING 'OTHER' COMPONENTS
Pyrope ( • ) 7.51 6.46 8.46 0.27 0.13 0.03
Almandine ( * ) 66.19 67.20 65.19 37.78 36.85 34.31
Spessartine ( " ) 3.07 3.38 3.50 0.22 0.07 0.22
Grossular ( * ) 23.22 22.95 22.85 61.73 62.96 65.44
(table con’
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Detrftal garnets from sandstones in the Tanqua and Laingsburg subbasins.
Sample name SK-95-162 SK-95-162 SK-95-162 SK-95-162 SK-95-162 s • a 1
Analysis pt 16 17 18 19 20 24
Remark T1 T3a T3a T3b T3b T4
Si02 38.46 39.00 38.79 25.43 26.78 33.67
Ti02 0.00 0.08 0.00 0.08 0.00 0.00
A12Q3 19.65 19.78 19.61 21.90 21.37 17.86
Cr2Q3 0.00 0.01 0.20 0.06 0.00 0.00
FeO 16.40 28.57 28.99 31.44 31.62 29.02
MnO 0.08 0.48 0.67 0.76 0.75 0.43
NgO 0.00 4.71 3.72 12.33 13.75 8.36
CsO 24.21 7.46 7.47 0.06 0.05 0.29
Na20 0.01 0.00 0.01 0.00 0.02 0.22
K20 0.00 0.00 0.00 0.00 0.00 1.13
Total 98.82 100.09 99.46 92.06 94.34 90.99
-Atom ic proportions on the besis o f 12 oxygens—
Si 3.048 3.071 3.086 2.258 2.312 2.944
Ti 0.000 0.005 0.000 0.006 0.000 0.000
Al 1.836 1.835 1.838 2.292 2.175 1.840
Cr 0.000 0.000 0.013 0.004 0.000 0.000
Fe2* 1.087 1.881 1.929 2.335 2.283 2.122
Nn2* 0.006 0.032 0.045 0.057 0.055 0.032
Mg 0.000 0.553 0.441 1.632 1.770 1.090
Z -s ite  to ta l 3.048 3.071 3.086 2.258 2.312 2.944
r - s ite  to ta l 1.836 1.841 1.851 2.302 2.175 1.840
X -s ite  to ta l 3.151 3.095 3.052 4.029 4.116 3.435
Ca 2.056 0.629 0.637 0.005 0.004 0.028
Na 0.002 0.000 0.001 0.000 0.004 0.038
X 0.000 0.000 0.000 0.000 0.000 0.126
Mg/Fe<tot) 0.000 0.294 0.229 0.699 0.775 0.514
Hg/Ng«Fe(tot) 0.000 0.227 0.186 0.411 0.437 0.339
Pyrope 0.01 17.89 14.46 40.47 43.04 33.32
Almandine 34.52 60.72 63.20 57.75 55.52 64.88
Spessartine 0.18 1.03 1.48 1.41 1.33 0.96
Grossular 65.29 20.11 20.24 0.00 0.10 0.84
U varovite 0.00 0.02 0.63 0.16 0.00 0.00
Schorlomi te 0.00 0.24 0.00 0.21 0.00 0.00
RENORMALIZED MAJOR GARNET COMPOHEHTS AFTER REMOVING 'OTHER' COMPONENTS
Pyrope ( • ) 0.01 17.93 14.55 40.62 43.04 33.32
Almendine (* ) 34.52 60.87 63.60 57.96 55.52 64.88
Spessartine (* ) 0.18 1.03 1.49 1.42 1.33 0.96
Grosaular C*> 65.29 20.16 20.36 0.00 0.10 0.84
(table con’
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Detrital garnets from sandstones in the Tanqua and Laingsburg subbasins.
Sample nans G8-9S-87 SC-95-32 SC-95-32 SC-95-32 SC-95-32 ••-95-!
Analysis p t 25 26 27 28 29 31
Remark T4 T3 T3 T5 T5 T3
Si02 26.82 26.67 26.40 29.09 30.80 25.39
Tf02 0.11 0.00 0.02 0.00 0.06 0.03
A1203 21.16 23.31 22.79 20.27 20.26 17.95
Cr203 0.01 0.07 0.1S 0.09 0.10 0.03
FeO 31.63 29.48 30.09 29.36 29.13 42.01
MnO 0.2S 0.46 0.37 0.61 0.64 0.66
MgO 10.01 13.78 12.64 10.44 9.01 3.95
CaO 0.05 0.03 0.03 0.27 0.25 0.18
Na20 0.06 0.05 0.03 0.14 0.09 0.04
£20 0.02 0.38 0.36 0.27 0.08 0.00
Total 90.12 94.23 92.89 90.53 90.40 90.25
—Atomic proportions on the basis o f 12 osygens--
Si 2.421 2.277 2.297 2.579 2.711 2.449
Ti 0.008 0.000 0.001 0.000 0.004 0.003
Al 2.251 2.346 2.337 2.118 2.101 2.041
Cr 0.001 0.004 0.011 0.006 0.007 0.002
F«2* 2.388 2.105 2.190 2.177 2.144 3.389
Mn2* 0.019 0.033 0.027 0.046 0.047 0.054
•g 1.347 1.754 1.640 1.380 1.182 0.568
Z -s ite  to ta l 2.421 2.277 2.297 2.579 2.711 2.449
Y -s ite  to ta l 2.260 2.350 2.349 2.124 2.112 2.046
X -s ite  to ta l 3.771 3.945 3.905 3.682 3.420 4.036
Ca 0.005 0.003 0.003 0.025 0.023 0.018
Na 0.011 0.008 0.005 0.024 0.015 0.007
X 0.002 0.042 0.040 0.030 0.008 0.000
Mg/Fectot) 0.564 0.833 0.749 0.634 0.551 0.168
Mg/Mg*Fe(tot> 0.361 0.455 0.428 0.388 0.355 0.144
Pyrope 35.84 44.99 42.33 38.04 34.84 14.11
Almandine 63.32 53.99 56.50 60.01 63.08 84.10
Spessartine 0.50 0.85 0.71 1.26 1.40 1.35
Srossular 0.00 0.00 0.00 0.43 0.21 0.26
Uvarovite 0.03 0.17 0.41 0.26 0.32 0.09
Schorlomite 0.31 0.00 0.05 0.00 0.16 0.09
RENORMALIZED MAJOR CARNET COMPONENTS AFTER REMOVING 'OTHER' COMPONENTS
Pyrope {* ) 35.96 45.07 42.53 38.14 35.01 14.13
Almandine (* ) 63.54 54.09 56.76 60.16 63.38 84.25
Spessartine ( • ) 0.50 0.85 0.71 1.26 1.40 1.35
Orossular (* ) 0.00 0.00 0.00 0.43 0.21 0.26
(table con’
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D etrital garnets from sandstones in the Tanqua and Laingsburg s 't ta s in s .
Saaple nine « F -9 5-71 KRF-95-221 KRF-95-221 KRF-95-221 aF-95-Z21 OIF-95
Analysis p t 42 44 45 46 47 48
Remark T3 T2 T2 T2 T4a T1a
Si02 29.16 24.88 24.50 24.22 26.23 26.44
Ti02 0.00 0.05 0.00 0.04 0.00 0.04
A1203 16.S6 19.09 21.15 21.47 23.54 21.54
Cr203 0.18 0.02 0.00 0.03 0.05 0.12
FeO 29.54 38.57 38.70 37.83 35.69 29.51
NnO 0.42 0.84 0.78 0.85 0.23 0.58
NgO 16.65 9.83 9.08 9.75 7.23 14.88
CaO 0.16 0.03 0.07 0.06 0.17 0.07
Na20 0.03 0.03 0.04 0.05 0.07 0.03
K20 0.10 0.02 0.08 0.05 0.53 0.58. . . . . . ------- . . . . . . ____
Total 92.80 93.35 94.40 94.36 93.76 93.78
* -Atomic proportions on the basis o f 12 oxygene--
Si 2.536 2.274 2.209 2.176 2.322 2.283
Ti 0.000 0.003 0.000 0.003 0.000 0.003
Al 1.698 2.056 2.247 2.274 2.456 2.192
Cr 0.012 0.002 0.000 0.002 0.004 0.008
F«2* 2.149 2.948 2.917 2.843 2.642 2.131
Nn2* 0.031 0.065 0.060 0.065 0.017 0.042
Ng 2.159 1.339 1.220 1.306 0.954 1.915
Z -s ite  to ta l 2.536 2.274 2.209 2.176 2.322 2.283
T -s ite  to ta l 1.710 2.061 2.247 2.279 2.460 2.202
X *site  to ta l 4.370 4.363 4.220 4.234 3.702 4.163
Cl 0.015 0.003 0.007 0.006 0.016 0.007
Na 0.005 0.005 0.006 0.008 0.012 0.004
K 0.011 0.002 0.009 0.006 0.060 0.064
Ng/FeCtot) 1.005 0.454 0.418 0.459 0.361 0.899
Hg/Mg*Fe(tot) 0.501 0.312 0.295 0.315 0.265 0.473
Pyrope 49.55 30.75 29.02 30.96 26.29 46.70
Almandine 49.31 67.60 69.39 67.32 72.79 51.89
Spessartine 0.71 1.49 1.42 1.54 0.47 1.04
Grossular 0.00 0.00 0.16 0.00 0.28 0.00
Uvarovite 0.42 0.05 0.00 0.08 0.16 0.29
Schorlomi te 0.01 0.11 0.00 0.11 0.01 0.09
RENORMALIZED MAJOR carnet components after REMOVING ' OTHER' COMPONENTS
Pyrope (* ) 49.76 30.79 29.02 31.02 26.33 46.87
Almandine (* ) 49.52 67.71 69.39 67.44 72.91 52.09
Spessartine <•} 0.72 1.50 1.42 1.54 0.48 1.04
Grossular {* ) 0.00 0.00 0.16 0.00 0.29 0.00
(
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O ctrital garnets from sandstones in the Tanqua and Laingsburg subbasins.
Saeple naoe KRF-95-221 KRF-95-221 IR-95-1
Analysis p t 49 SO 51
Remark T3 T3 T2
Si02 29.36 30.68 27.79
Tt'02 1.52 1.46 0.04
A1203 17.83 17.91 19.46
Cr203 0.08 0.08 0.05
FeO 31.97 30.76 36.32
MnO 0.66 0.42 0.35
"90 11.18 10.70 10.22
CaO 0.20 0.48 0.18
Na20 0.09 0.11 0.09
K20 0.09 0.26 0.11
Total 92.99 92.86 94.61
••A to n ic  proportions on the basis o f 12 oxygens—
Si 2.573 2.665 2.446
Ti 0.100 0.095 0.003
Al 1.841 1.834 2.018
Cr 0.006 0.006 0.003
Fe2» 2.343 2.235 2.673
Mn2* 0.049 0.031 0.026
NO 1.460 1.386 1.341
Z -s ite  to ta l 2.573 2.665 2.446
T -s ite  to ta l 1.947 1.935 2.025
X -s ite  to ta l 3.896 3.743 4.085
Ca 0.019 0.044 0.017
Na 0.015 0.018 0.016
K 0.010 0.029 0.013
H g/Felto t) 0.623 0.620 0.502
Ng/Mg*Fe(tot) 0.384 0.383 0.334
Pyrope 37.34 37.38 33.08
Almandine 57.34 57.70 65.87
Spessartine 1.25 0.83 0.64
Grossular 0.00 0.00 0.18
Uvarovita 0.22 0.23 0.12
Schorlomi te 3.85 3.86 0.11
RENORMALIZED MAJOR GARNET COMPONENTS AFTER REMOVING 'OTHER' COMPONENTS
Pyrope (* ) 38.93 38.97 33.15
Almandine ( • ) 59.77 60.16 66.03
Spessartine (* ) 1.30 0.87 0.64
Grossular (* ) 0.00 0.00 0.18
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